Using plant functional traits to assess ecosystem processes

and community dynamics in lowland fens: understanding

the efficacy and applicability of a trait-based approach to





































The	 research	 presented	 here	 focuses	 on	 the	 functional	 aspect	 of	 biodiversity	 of	 plant	
communities,	 with	 emphasis	 placed	 on	 the	 functions	 of	 species	 within	 biological	
communities	 and	 ecosystems,	 rather	 than	 their	 identity.	 The	 prominence	 of	 plant	
functional	 traits	 as	major	 contributors	 to	ecosystem	 functioning	 is	 based	on	underlying	
mechanisms	whereby	 individual	 species	 interact	with	 each	other	 and	with	 their	 abiotic	
environment	 to	 influence	 ecological	 processes	 on	 different	 spatial	 scales.	 In	 this	 study,	
particular	 attention	 is	 given	 to	 the	 modulating	 effects	 of	 functional	 diversity	 and	












of	 the	 trait	 approach	 when	 investigating	 the	 effects	 of	 biodiversity	 on	 the	 stability	 of	
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to	 be	 largely	 responsible	 for	 influencing	 community	 dynamics	 and	 environmental	
conditions	 from	 local	 to	 global	 scales,	 affecting	 the	 biogeochemical	 cycles	 of	 the	most	
important	 nutrients	 and	 providing	 resources	 for	 pollinators,	 food,	 genetic	 resources,	
cultural	values	and	many	other	benefits	to	human	societies	(Grime,	1998;	Hooper	et	al.,	
2005;	 Naeem	 et	 al.,	 2012).	 The	 idea	 that	 biodiversity	 should	 positively	 influence	 the	
stability	 of	 communities	 and	 ecosystems	 gained	 traction	 as	 early	 as	 the	 1950s,	 when	





taxonomic	 and	 functional	 levels	 (Vitousek	 et	 al.,	 1997).	 A	 critical	 gap	 in	 developing	
strategies	 for	 biodiversity	 conservation	 remained	 though,	 particularly	 in	 the	 context	 of	
mitigating	 any	 potential	 impacts	 on	 the	 biogeochemical	 and	 dynamic	 properties	 of	
ecosystems	 resulting	 from	 such	 biotic	 impoverishment.	 This	 critical	 gap	 in	 knowledge	
rested	mostly	in	the	incomplete	understanding	of	the	mechanisms	linking	biodiversity	and	
ecosystem	processes	 (Grime,	2001).	As	a	 result,	major	 international	 research	 initiatives,	
partly	motivated	by	the	1992	Earth	Summit	in	Rio	de	Janeiro,	formed	in	order	to	understand	
questions	related	to	the	role	of	biodiversity	in	the	functioning	of	ecosystems	(Schulze	and	




consequences	 of	 species	 diversity	 on	 ecosystems	 (Tilman	 et	 al.,	 1996),	 confirming	 that	
positive	 relationships	 between	 them	were	mostly	 due	 to	 complementarity	 effects	 (i.e.,	
	 2	
enhanced	 resource	 use	 due	 to	 niche	 partitioning).	 Such	 studies	 largely	 focused	 on	 the	
effects	 of	 taxonomic	 diversity	 on	 ecosystems,	 since	 manipulation	 of	 species	 richness	
seemed	to	be	the	main	method	used.	
Developing	in	parallel	to	that,	however,	was	the	increasing	recognition	that	focusing	
on	 alternative	 aspects	 of	 biodiversity	 (other	 than	 taxonomy)	was	 a	 better	 approach	 to	
tackle	the	impact	of	biotic	loss	on	the	integrity	of	ecosystem	functioning	(Walker,	1992).	
The	argument	was	that,	in	order	to	assess	the	effects	of	taxonomic	loss	on	communities	
and	 ecosystems,	 a	 detailed	 knowledge	 of	 the	 autecology	 of	 all	 species	 would	 be	
theoretically	 necessary,	 but	 unfeasible	 (Duckworth	 et	 al.,	 2000).	 Therefore,	 rather	 than	
considering	 species	 solely	 on	 a	 taxonomic	 basis,	 one	 solution	 that	 later	 became	widely	
adopted	(Díaz	et	al.,	2007;	Duffy	et	al.,	2007)	was	to	consider	species	on	a	functional	basis	
(Mooney	et	al.,	1997),	 i.e.	 focusing	on	what	species	 ‘do’	 rather	 than	on	what	 they	 ‘are’	
(function	here	follows	the	definition	given	by	Garnier	et	al.,	2016,	as	“an	activity	carried	










food	 webs	 with	 high	 biodiversity	 were	 more	 stable	 than	 ones	 with	 low	 diversity	
(MacArthur,	1957;	MacArthur	and	MacArthur,	1961;	Levins,	1963),	the	overemphasis	on	
the	notion	of	interspecific	competition	for	resources	as	the	primary	underlying	mechanism	
driving	 ecological	 processes	 led	 to	 some	 criticism	 of	 little	 attention	 being	 given	 to	 the	
effects	of	organisms	on	their	environment	(Chase	and	Leibold,	2003).	Therefore,	while	the	
links	 between	 species’	 performance	 and	 their	 niche	 placement	 had	 been	 thoroughly	




gap,	 including	 that	of	Mooney	and	Dunn	 (1970)	and	Hallé	 et	al.	 (1978).	The	concept	of	
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classifying	species	into	plant	functional	types	(PFTs),	though	introduced	earlier	(Raunkiær,	




McIntyre	 et	 al.,	 1999).	 The	 identification	 of	 PFTs	 was	 considered	 an	 essential	 step	 in	
environmental	 change	 research	 since	 plants	 with	 similar	 responses	 to	 environmental	
conditions	(reflecting	similar	attributes	and	strategies)	could	be	grouped	and	summarised	
into	a	relatively	small	number	of	general	recurrent	patterns	(Grime	et	al.,	1996).	Notably,	






Although	 remarkably	 influential	 in	 plant	 ecology,	 Grime’s	 C-S-R	 triangle	 remained	
somewhat	 controversial	 for	 not	 adequately	 addressing	 the	 importance	 of	 non-
heterogeneous	supplies	of	nutrients	and	for	his	rigid	classification	of	species	along	nutrient	
and	 disturbance	 gradients,	 including	 the	 ways	 in	 which	 complex	 factors	 like	 light,	
disturbance	 and	 competition	 interact	 to	 influence	 community	 and	 ecosystem	dynamics	
(Tilman,	1987b;	Craine,	2005).	
Although	 the	 functional	 classification	 approach	went	 a	 step	 closer	 to	 answering	
pertinent	 questions	 related	 to	 community	 and	 ecosystem	dynamics,	 the	 inadequacy	 of	
simple	classification	models	in	determining	the	underlying	mechanisms	whereby	individual	
species	interact	with	each	other	and	with	their	abiotic	environment	to	influence	ecological	
processes	 was	 a	 considerable	 limitation	 (Tilman,	 1987a).	 In	 addition,	 PFTs	 have	 their	
particular	 deficiencies	 since,	 in	 many	 instances,	 no	 clear	 breaks	 between	 different	
functional	types	can	be	determined,	making	their	classification	potentially	subjective	and	
arbitrary	(Duckworth	et	al.,	2000),	while	remaining	difficult	to	identify	which	property	of	













respond	 to	 variations	 in	 environmental	 conditions	 (biotic	 or	 abiotic),	 and	 effect	 traits,	
which	 have	 the	 potential	 to	 influence	 the	 properties	 of	 an	 ecosystem.	 Arguably,	 a	
conceptual	 framework	of	 response	 and	 effect	 traits	 applied	 to	 the	 functional	 approach	
should	allow	for	the	response	of	plant	species	to	environmental	factors	to	be	linked	to	the	
potential	 effects	 of	 this	 response	 on	 ecosystem	 properties	 (Garnier	 et	 al.,	 2016).	
Environmental	 filters	 select	 the	 value,	 range	 and	 relative	 abundance	 of	 response	 traits	
found	 in	 a	 community	 which,	 in	 turn,	 impact	 on	 ecosystem	 properties	 through	 the	
intermediary	influence	of	effect	traits.	Functional	traits	thus	became	widely	recognised	to	
not	only	modulate	organisms’	fitness,	but	to	allow	for	the	quantification	of	the	relationship	
between	the	different	 levels	of	organisation	of	ecological	 systems	 (Lavorel	and	Garnier,	
2002;	Garnier	et	al.,	2016).	Therefore,	the	use	of	functional	traits	developed	to	become	the	





et	 al.,	 2006;	Garnier	 et	 al.,	 2007),	 but	 to	 influence	 the	provision	of	multiple	 ecosystem	
services	(Lavorel	et	al.,	2011;	Lavorel	and	Grigulis,	2012).	
The	notion	 that	 natural	 habitats	 provide	 essential	 goods	 and	 services	 to	 society	
became	firmly	cemented	in	the	1990s	(Costanza	et	al.,	1997;	Daily,	1997;	Vitousek	et	al.,	
1997).	 It	 has	 been	 long	 recognised	 that	 the	 conditions	 and	 processes	 needed	 for	 the	




















exchange	 rates	 in	peatlands.	However,	 to	 the	author’s	knowledge	no	study	 to	date	has	
quantified	 the	 role	 of	 individual	 plant	 traits	 in	 driving	 carbon	 dynamics	 in	 lowland	 fen	
communities.	
The	present	 study	adopts	a	 functional	approach	 to	quantify	and	understand	 the	
effects	 of	 biodiversity	 on	 plant	 community	 dynamics	 and	 ecosystem	 processes.	 It	 is	
proposed	that	the	methods	adopted	here	(described	in	Chapter	2	and	in	each	subsequent	
data	 chapter)	 have	 great	 potential	 to	 answer	 questions	 related	 to	 the	 distribution	 and	
diversity	of	plant	traits	along	disturbance	gradients	(Southwood,	1988;	Foley	et	al.,	2005;	
Nelson,	 2005;	 Garnier	 et	 al.,	 2007;	 Pakeman	 et	 al.,	 2011;	 Chapter	 3),	 the	 interactions	
between	 plant	 functions	 and	 environmental	 variables	 that	 translate	 into	 ecosystem	
processes	 and	 services	 (Chapin	 III,	 2003;	 Diaz	 et	 al.,	 2004;	 Lavorel	 and	 Grigulis,	 2012;	
Chapter	4),	the	rules	governing	community	assembly	processes	(McGill	et	al.,	2006;	Suding	
et	al.,	2008;	Shipley,	2010;	Pakeman,	2011;	Götzenberger	et	al.,	2012;	Chapter	5)	and	the	
temporal	 changes	 in	mean	 trait	 composition	 of	 plant	 communities	 through	 the	 use	 of	





Lowland	 fen	plant	 communities,	 comprising	both	herbaceous	 and	wooded	 sites,	








































can	 be	 defined	 as	 the	 partially	 decomposed	 remains	 of	 plant	 and	 animal	 material	
accumulated	 under	 water-saturated	 conditions	 (Rydin	 and	 Jeglum,	 2013).	 Peat	 is	 thus	
mostly	 organic	matter	 that	 has	 formed	 in	 place,	 i.e.	 as	 sedentary	material,	 where	 the	
content	of	inorganic	ash	by	peat	dry	mass	is	normally	around	25%	(Moore,	1987).	Different	
plant	materials,	 such	 as	woody	 tissue,	 leaves,	 rhizomes,	 roots	 and	 bryophytes	 (notably	





oxygen)	 conditions	 (Moore,	 1987),	 resulting	 in	 undecayed	matter	 building	 up	 over	 the	
underlying	mineral	substratum.	Therefore,	peat	is	an	important	deposit	of	stored	organic	
carbon	 due	 to	 slow	 mineralisation	 rates	 (Bridgham	 et	 al.,	 1998),	 while	 its	 status	 as	 a	





the	water	appear	 to	be	other	 key	 factors	 (Bridgham	 et	al.,	 1996;	Wheeler	and	Proctor,	
2000).	Peat	generally	forms	under	continuous	inundation	and	low	to	moderate	depths	of	
flooding,	 resulting	 in	 intermittently	 or	 permanently	 waterlogged	 environments	 (Keddy,	
2010).	 A	 positive	 water	 balance,	 caused	 by	 complex	 interactions	 between	 climate,	
hydrology	and	topography,	is	thus	crucial	for	the	accumulation	of	peat,	generally	occurring	
when	 poor	 drainage	 prevents	 water	 loss,	 such	 as	 in	 lowland	 basins,	 or	 when	
evapotranspiration	is	only	about	50	to	70	percent	of	precipitation	(Mitsch	and	Gosselink,	
2015).	 Given	 the	 conditions	 of	 water	 surplus	 and	 organic	 matter	 build	 up,	 peat	
accumulation	 occurs	 either	 through	 terrestrialisation	 (the	 infilling	 of	 shallow	 lakes)	 or	











Peatland	 is	 the	main	 term	used	 to	define	peat-covered	 land.	Peatlands	are	now	
estimated	to	cover	about	500	million	hectares	of	the	Earth’s	surface,	or	nearly	4%	of	the	
ice-free	 land	area	(Keddy,	2010).	They	are	the	most	widespread	type	of	wetlands	 in	the	





Peatlands	have	been	classified	 into	several	different	 types	over	 the	years,	which	
have	generated	a	great	deal	of	 terminology	 (Wheeler	and	Proctor,	2000),	but	 the	most	









terms	 have	 been	 proposed	 (Bridgham	 et	 al.,	 1996),	 this	 simple	 but	 fundamental	
classification	has	been	used	by	many	peatland	ecologists	to	generally	distinguish	fen	and	
bog,	where	 the	 term	 fen	has	been	commonly	used	 for	minerotrophic	 sites	and	bog	 for	
ombrotrophic	 ones	 (Wheeler,	 1980a;	 Keddy,	 2010;	 Rydin	 and	 Jeglum,	 2013).	 Under	
conducive	climatic	conditions,	the	transition	from	fen	to	bog	occurs	as	peat	accumulates	
and	 the	 influence	 of	 the	 groundwater	 chemistry	 declines,	 usually	 as	 a	 result	 of	 the	







1993).	 Therefore,	 peat	 accumulation	 can	 change	 groundwater-controlled	 fens	 to	
rainwater-controlled	bogs,	 resulting	 in	progressively	more	acidic	and	generally	nutrient-
poor	conditions,	as	the	influence	of	the	cations	derived	from	mineral	soil	decreases	with	
time	 (Rydin	 and	 Jeglum,	 2013).	 This	 process	 of	 bog	 formation	 tends	 to	 become	 self-
sustaining	with	increasing	thickening	of	the	peat	 layer,	 in	which	the	peatland	creates	its	
own	groundwater	table,	higher	up	than	that	of	the	surroundings,	due	to	the	capillary	water	




include	nutrient-rich	 sites	 to	oligotrophic	 peatlands,	 displaying	nutrient-poor	 conditions	
(Bridgham	et	al.,	1996),	though	no	clear	relationship	between	hydrology-	and	chemistry-
based	classifications	seem	to	exist	(Bridgham	et	al.,	1998).	
Peatlands	are	known	to	provide	numerous	services	 to	 society,	namely	 improved	
water	 quality,	 oxygen	 production,	 flooding	 regulation,	 nutrient	 cycling,	 biodiversity	




and	 functional	alterations	due	 to	anthropogenic	disturbances	 (Ireland	and	Booth,	2012)	
and	ecological	changes	(Waller,	2013).	However,	it	is	their	ability	to	store	carbon	that	has	






Lal,	 2008).	 In	 fact,	 within	 the	 terrestrial	 biosphere,	 northern	 peatlands	 are	 the	 most	
important	terrestrial	carbon	store	(Worrall	et	al.,	2009).	Gorham	(1991)	estimated	a	figure	
of	approximately	455	Pg	of	C	stored	in	northern	peatlands	during	the	postglacial	period,	










net	 gain	of	 carbon	 fixed	 in	peatlands	and	 controlling	 the	 two	main	gases	emitted	 from	
peatlands,	 CO2	 and	 methane,	 or	 CH4	 (Updegraff	 et	 al.,	 2001).	 Therefore,	 while	
decomposition	is	determined	by	complex	interactions	between	the	quality	of	the	litter,	soil	
pH,	 temperature	and	nutrient	 availability	 (Rydin	 and	 Jeglum,	2013),	 the	position	of	 the	
water	table	is	key	in	regulating	the	abundance	of	the	soil	fauna	and	the	predominant	type	







including	 drainage	 for	 agricultural	 expansion,	 peat	 extraction	 for	 fuel	 and	 urban	
development	 (Natural	 England,	 2010;	 Alonso	 et	 al.,	 2012),	 which	 can	 increase	 rates	 of	



















projects	 in	 the	UK	 like	 the	Great	 Fen	 Project	 (Gauci,	 2008),	 as	 yet	 it	 does	 not	 seem	 to	
compensate	 for	 the	net	 carbon	accumulation	 in	 the	original	 system	before	disturbance	










al.,	 2006).	 They	 have	 a	 large	 number	 of	 plant	 species	 organised	 into	 a	 variety	 of	 plant	




particularly	 characteristic	 of	 fens	 (Wheeler,	 1993).	 These	 sites	 are	 normally	 of	 high	
conservation	value	due	to	the	entomological	and	ornithological	diversity	associated	with	





(Wheeler,	 1980a).	 Even	minor	 variations	 in	 the	 level	 of	 the	water	may	 have	 important	
effects	upon	 the	composition	of	 fen	vegetation	 (Wheeler	and	Shaw,	1995).	Other	main	










above	 the	 groundwater	 level	 and	 lead	 to	 the	 formation	 of	 raised	 bogs.	 Therefore,	 the	
maintenance	of	fen	vegetation	seems	to	require	sediment	accumulation	to	be	matched	by	
rising	groundwater	levels.	
The	 acidity	 and	 nutrient	 status	 of	 the	 soil	 water	 appear	 to	 be	 key	 factors	 in	
controlling	the	composition	of	fen	vegetation	(Wheeler,	1980a;	Wheeler	and	Shaw,	1995;	
Wheeler	and	Proctor,	2000).	For	floristic	purposes,	fens	have	been	commonly	divided	into	
rich	 fens	and	poor	 fens,	with	 the	 former	 largely	 containing	vegetation	 rich	 in	 calcicoles	














floristic	 composition,	 with	 a	 marked	 decrease	 in	 abundance	 of	 forbs	 and	 bryophytes	
(Wheeler,	1980a).	Reed	swamps,	which	have	been	estimated	to	cover	about	6,500	ha	in	





Fens	 can	 support	 both	 herbaceous	 and	 wooded	 communities,	 with	 the	 latter	
normally	 referred	 to	 as	 fen	 carr.	 Their	 occurrence	 seems	 to	 be	 largely	 determined	 by	
management	 intervention,	 since	many	herbaceous	 fens	would	be	 replaced	by	 fen	carrs	
under	 natural	 conditions	 (Wheeler	 and	 Shaw,	 1995).	 In	 herbaceous	 fens,	 sedges	 often	
dominate,	including	tussock	forming	species	(Carex	paniculata)	and	those	with	stout	shoots	






environment	 than	 herbaceous	 fens	 (Waller,	 1994).	 Alnus	 glutinosa,	 a	 tree	 of	 wet	 and	





possible	 (Wheeler,	 1980c;	Rodwell,	 1991a).	 The	nitrogen-fixing	ability	of	Alnus	 has	 long	
been	 recognised	 (McVean,	 1956),	 which	 is	 now	 known	 to	 occur	 due	 to	 a	 group	 of	
filamentous	bacteria,	known	as	actinomycetes,	forming	nodules	on	the	roots	of	some	trees	
and	shrubs	associated	with	wetlands,	among	them	Alnus	and	Myrica	(Keddy,	2010).	Betula	
dominated	 communities	 (often	with	 Salix)	 tend	 to	 be	 found	 in	meso-	 and	 oligotrophic	






management	 regimes	 (different	mowing	 rotation	periods)	 favouring	one	over	 the	other	
(Wheeler,	1980a).	Additionally,	species	richness	in	some	specific	vegetation	types,	such	as	
rich	fens	and	sedge	beds,	seems	to	respond	strongly	to	mowing	regimes,	with	managed	
communities	 presenting	 higher	 biodiversity	 than	 unmanaged	 sites	 (Shaw	 and	Wheeler,	
1991).	 Others,	 however,	 display	 a	 weak	 relationship	 with	 management,	 given	 species	
numbers	 in	 reed	 swamps	 and	 poor	 fens,	 for	 instance,	 are	 little	 changed	 following	
	 14	
disturbance	 (Shaw	 and	Wheeler,	 1991).	 The	 season	 in	 which	 mowing	 takes	 place	 and	
differences	in	light	attenuation	through	the	mown	and	unmown	canopies	between	these	
different	types	of	vegetation	have	been	proposed	as	possible	explanations	for	their	distinct	
responses	 to	 intervention	 (Wheeler	 and	Giller,	 1982).	Moreover,	 the	 intrinsically	 lower	
number	 of	 species	 associated	 with	 low-pH	 fen	 vegetation	 may	 lessen	 the	 effect	 of	
management	on	taxonomic	diversity	in	these	sites	(Shaw	and	Wheeler,	1991).	There	is	also	





































Upton	 Broad,	 Norfolk	 (Fig.	 2.1b)	 and	Woodwalton	 Fen,	 Cambridgeshire	 (Fig.	 2.1c).	 The	




largest	 area	 of	 floodplain	 peatland	 in	 Britain	 and	 was	 the	 site	 for	 some	 of	 the	 most	
important	investigations	into	the	zonation	of	fen	communities	and	successional	pathways	
in	 fens,	 particularly	 in	 the	Bure	 valley	 (Lambert,	 1951;	 Lambert	 and	 Jennings,	 1951).	 In	
addition,	 the	East	Anglian	Fenland,	 the	 flat	 low-lying	area	surrounding	 the	Wash	where	








a	 nationally	 rare	 submerged	 macrophyte	 species	 (Najas	 marina),	 and	 of	 European	
importance,	 qualified	 as	 a	 Special	 Protection	 Area	 (SPA)	 and	 as	 a	 Special	 Area	 of	
Conservation	(SAC;	Ayres	et	al.,	2008).	The	broad	itself	was	classified	by	Ratcliffe	(1977b)	





















on	 regularly	 mown	 sites	 (cut	 on	 a	 7-	 to	 8-year	 rotation;	 Table	 2.1)	 upon	 solid	 peat,	
comprising	areas	of	 reedswamp	 (plots	1	 to	10;	 Fig.	2.1b)	with	Phragmites	australis	 and	
Carex	 riparia	 and	 tall-herbaceous	 fens	 (plots	 11	 to	 34;	 Fig.	 2.1b),	where	Calamagrostis	
canescens	is	abundant	alongside	Cladium	mariscus	and	Juncus	subnodulosus.	Bryophytes	
are	 abundant	 throughout	 but	 excluded	 from	 the	 reed-dominated	 swamp,	 while	
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to	 some	 extent,	 Equisetum	 palustre.	 Climbers	 are	 only	 sparsely	 represented,	 though	
Calystegia	sepium	is	frequent	and	somewhat	abundant	in	the	reedswamp,	while	Lonicera	
periclymenum	attains	some	prominence	in	the	tall-herbaceous	fens,	particularly	where	C.	












Rubus	 fruticosus	 and	 Lotus	 pedunculatus.	 Shrubs	 do	 not	 feature	 prominently	 in	 the	
herbaceous	sites,	probably	due	to	exclusion	by	regular	mowing,	but	Salix	repens	 is	fairly	
constant	 in	 the	 Cladium	 fen,	 while	Myrica	 gale	 and	 Viburnum	 opulus	 are	 somewhat	
frequently	present.	Frangula	alnus,	however,	is	largely	absent	throughout	and	only	found	
on	occasion.	




tall	 canopy	 layer	 in	 the	mixed	woodland	 (plots	 52	 to	 68;	 Fig.	 2.1b).	 The	 alder	 carr	 is	 a	
characteristic	community	of	sites	with	fairly	base-rich	and	eutrophic	waters	(W5;	Rodwell,	
1991a),	 where	 fen	 peat	 tends	 to	 accumulate	 in	 topogenous	 conditions.	 The	 mixed	
woodland	 is	 typical	 of	 terrestrialising	 conditions	where	 the	diminished	 influence	of	 the	
groundwater,	 though	 still	 strong,	 is	 not	 sufficient	 to	 maintain	 swamp	 vegetation	 (W2;	





frequent	 and	 abundant	 in	 the	 alder	 carr,	 but	 C.	 canescens	 and	 P.	 australis	 are	 the	
commonest	grasses	 in	the	mixed	woodland.	U.	dioica	 is	virtually	absent	 from	the	alder-
dominated	site,	but	attains	prominence	 in	the	field	 layer	of	the	mixed	woodland.	Other	













Woodwalton	 Fen	 (52°26’N	 0°11’W)	 has	 a	 long	 and	 complex	 history	 of	 human	
intervention	 (Duffey,	 1971).	 The	 site	 is	 currently	 under	 a	 more	 intricate	 system	 of	
management	practices	than	Upton	Fen,	ranging	from	annually	mown	herbaceous	fens	to	




























































































researchers	 and	 forming	 a	 core	 part	 of	 the	 long-term	 Great	 Fen	 Project	 that	 aims	 to	
recreate	 fen	 communities	 at	 a	 landscape	 scale	 in	 East	 Anglia,	 linking	 land	 surrounding	




acidophilous	 herbaceous	 sites.	 Poore	 (1956)	 recognised	 two	 main	 seral	 communities,	
including	a	Molinia-dominated	acidophilic	vegetation	(notably	containing	Calluna	vulgaris,	
Erica	 tetralix	 and	Myrica	 gale)	 covering	most	 of	 the	 southern	 end	 of	 the	 reserve	 (not	
surveyed	 for	 the	present	 study).	He	proposed	 these	 communities	were	associated	with	








(Poore,	 1956).	 Wheeler	 (1980a)	 attributed	 the	 presence	 of	 such	 communities	 here	 to	
management	practices	and	nutrient	status.	
	 20	
The	 areas	 surveyed	 comprised	 woodland	 dominated	 by	 A.	 glutinosa	 and	 B.	
pubescens,	glades	(herbaceous	fen	surrounded	by	woodland),	sedge	fen	and	Phragmites	
fen.	The	alder	carr	(plots	69	to	85;	Fig.	2.1c)	presents	a	diverse	field	layer	with	nutrient-
demanding	 herbs	 like	 U.	 dioica	 and	 Galium	 aparine.	 Glechoma	 hederacea,	 Circaea	
lutetiana,	Geranium	robertianum	 and	Solanum	dulcamara	 are	also	notable.	Poa	 trivialis	
and	 Holcus	 lanatus	 are	 the	 main	 monocot	 species,	 while	 C.	 monogyna	 is	 the	 most	
prominent	 shrub.	 This	 community	 seems	 to	 closely	 resemble	 (classified	 by	 means	 of	
identification	keys)	the	W6	vegetation	unit	of	Rodwell	(1991a),	which	can	develop	in	fen	
peat	 systems	 that	 experienced	 some	 degree	 of	 enrichment	 through	 drainage	 and	
disturbance	 or	 by	 eutrophication	 of	 the	 waters.	 The	 adjoining	 glades,	 including	 both	
unmanaged	 (plots	 86	 to	 93;	 Fig.	 2.1c)	 and	 annually	 mown	 sites	 kept	 clear	 of	 carr	
encroachment	(plots	94	to	102;	Fig.	2.1c)	are	dominated	by	C.	canescens,	with	P.	australis	
and	 C.	 acutiformis	 also	 prevalent.	 Climbers	 feature	 prominently,	 particularly	 in	 the	
unmanaged	portion,	through	the	presence	of	C.	sepium	and	Vicia	cracca.	
The	 Phragmites	 fen	 (plots	 103	 to	 119;	 Fig.	 2.1c)	 is	 classified	 as	 a	 reedswamp	
community	(S26;	Rodwell,	1995)	in	the	site’s	management	plan,	and	listed	as	being	subject	
to	a	four-year	cutting	rotation	regime.	However,	it	has	apparently	remained	uncut	for	c.	20	






mown	 sedge	 fen	 (plots	 120	 to	136;	 Fig.	 2.1c)	 is	 floristically	 rich	 and	 regarded	by	Poore	
(1956)	as	an	intermediate	community	between	the	acidic	and	fen	peats,	though	Myrica	and	
the	more	acidophilous	species	are	absent.	The	presence	of	this	community	here	is	probably	
due	 to	 incomplete	 removal	 of	 acid	peat	 during	peat	 cutting,	 having	been	 subsequently	
liable	to	flooding	by	basic	water	(Poore,	1956).	The	dominant	sedges	are	Carex	viridula	and	
















broad	 spatial	 representation	 of	 both	 fen	 carr	 and	 herbaceous	 fen	 communities.	 The	
transect	lines	were	located	in	a	manner	to	ease	relocation	and	mostly	followed	a	south-
north	direction	(Fig.	2.1).	Of	the	136	plots	between	the	two	fens,	51	comprised	woodland	
communities	 (the	 alder	 carr	 communities	 of	 Upton	 and	 Woodwalton	 and	 the	 mixed	
woodland	 in	 Upton)	 and	 85	 were	 herb-dominated	 plots	 comprising	 the	 reedswamp,	





Vegetation	 surveys	were	 conducted	over	 two	 field	 seasons	 in	 2013	and	2014	 in	
Upton	 and	 Woodwalton,	 respectively.	 In	 order	 to	 record	 the	 spring	 ephemerals	 and	





within	 the	survey	plot.	The	rings	were	surveyed	at	each	of	 the	eight	cardinal	and	 inter-
cardinal	 directions,	 giving	 a	 total	 of	 eight	 samples	 per	 ring	 and	 41	 samples	 per	 plot	
(including	the	centre	of	the	plot).	Species	‘hit’	by	the	plumb-bob	(from	here	on	referred	to	
as	‘species	encountered’)	were	counted	using	proportional	cover	(one	‘hit’	per	species	per	


































and	 community	 dynamics	 than	 rarer	 species,	 and	 to	 exert	 controlling	 influence	 on	 the	
fitness	 of	 their	 neighbours.	 Leaf	 samples	 from	 vascular	 plants	 (varying	 from	1	 to	 7	 per	
individual)	were	collected	from	sun-exposed	healthy-looking	adult	individuals	at	Upton	Fen	
(early	 September	 2013)	 and	Woodwalton	 Fen	 (early	 September	 2014).	 The	 number	 of	
specimens	collected	per	species	varied	between	1	and	19.	A	minimum	of	five	specimens	
were	 collected	 for	 species	with	 abundance	 category	 of	 4	 or	 higher	 in	 the	 Domin	 scale	
(following	 Rodwell,	 1991a)	 at	 the	 community	 level	 (see	 Appendix	 1),	 except	 for	 Carex	
riparia	in	the	reedswamp	in	Upton	(four	specimens	measured;	Appendix	1).	A	total	of	69	
species	and	just	over	1300	individuals	were	sampled.	Three	of	the	species	(Ceratocapnos	
claviculata,	 Galium	 uliginosum	 and	 Rhamnus	 cathartica)	 did	 not	 have	 sufficient	 plant	
material	 for	elemental	and	 isotopic	measurements	 (see	below),	and	were	therefore	not	
included	 in	any	trait	analysis.	Complete	 trait	data	were	thus	available	 for	66	species,	of	
which	 Frangula	 alnus	 and	 Sium	 latifolium,	 though	with	 fully	measured	 traits,	were	 not	
encountered	 during	 the	 surveys	 (i.e.,	 no	 abundance	 cover	 calculation	 was	 possible).	
Therefore,	a	total	of	64	measured	species	with	abundance	cover	estimation	were	used	in	









encountered	were	 sampled	 for	 trait	measurements;	 Table	 2.2).	 Pakeman	 and	 Quested	






mollis	 and	 Sorbus	 aucuparia	 showed	 relatively	 high	 abundances	 and	 had	 no	 trait	




species	 in	 the	 herbaceous	 sites	 (the	 most	 vigorous	 life	 forms	 in	 their	 respective	








































Reedswamp 10 100 100 0 0 10
Cladium 	fen 12 99.7 97.9 0 0 10
Juncus	subnodulosus	
fen
12 98.1 95.2 0 0 3
Alder	carr 17 93.4 70.9 1 5 4
Mixed	woodland 17 98.3 91.2 0 0 8
Alder	carr 17 99.3 94.8 0 0 12
Glade	(unmanaged) 8 99.3 95.1 0 0 6
Glade	(managed) 9 99.0 97.1 0 0 4
Phragmites 	fen 17 99.2 94.9 0 0 12
Sedge	fen 17 96.6 87.3 0 1 6



















communities	 [glades	 (five	 plots	 in	 each	 of	 the	 managed	 and	 unmanaged	 glades),	
Phragmites	fen	and	sedge	fen].	Plant	material	was	clipped	at	ground	level	and	both	live	and	
dead	material	were	collected.	The	sedge	fen	and	the	glades	were	harvested	in	mid-July	and	















































































Woodwalton Fen NNR showing dipwell locations
© Crown copyright and database right
2011. Ordnance Survey 100022021.
Map produced on 4/9/2014 by George Hinton 
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same	 peat	 deposits	 were	 later	 subject	 to	 extensive	 cutting	 and	 draining	 (Poore,	 1956;	
Duffey,	1971).	Additional	stratigraphic	studies	in	the	1950s	established	the	origins	of	the	
Norfolk	Broads	as	Medieval	peat	cuttings	between	the	12th	and	14th	centuries	(Lambert,	
1960).	 Consequently,	 the	 removal	 of	 several	 metres	 of	 peat	 can	 result	 in	 sediment	 of	
antique	origin	occurring	near	the	surface,	and	if	used	in	this	study	could	lead	to	incorrect	







The	 four	soil	 samples	 from	each	plot	were	split	 longitudinally	and	homogenised.	
The	 four	 samples	 from	 the	plots	with	 50	 cm	 cores	were	 treated	 separately	 in	 order	 to	
inspect	within	plot	variability.	Only	the	top	10	cm	of	each	core	were	used	in	all	analysis.	It	
is	 thought	 that	 the	 majority	 of	 biogeochemical	 processes	 take	 place	 in	 this	 top	 layer	
(Bennion	et	al.,	2001;	Moore	et	al.,	2007),	where	vascular	plants	concentrate	most	of	their	















the	 non-calcareous,	 neutral-acidic	 conditions	 commonly	 found	 in	 high-latitude	 peats	
(Chambers	et	al.,	2011),	with	the	total	carbon	measured	in	the	samples	therefore	assumed	
to	represent	SOC.	The	resulting	precision	was	within	0.1%	for	total	N	and	1.6%	for	SOC,	
while	 stable	 isotopes	 data	 showed	 precisions	 within	 0.2‰.	 Outlier	 replicates	 were	
















June	 and	 September	 2014	 were	 added	 to	 indicate	 litter	 annual	 production	 rate	 (litter	
produced	between	October	2013	and	September	2014),	and	was	converted	from	g	m-2	a-1	
to	 t	 ha-1	 a-1.	 See	 Appendix	 5	 for	mean	 annual	 litter	 production	 rates	 in	 the	 alder	 carr,	











Data	 analysis	methods	 used	 to	 answer	 specific	 questions	 raised	 by	 each	 of	 the	
subsequent	 data	 chapters	 (3	 to	 6)	 are	 presented	 in	 their	 respective	Methods	 sections.	






Plant	 communities	were	 assigned	 to	 one	 of	 five	 discrete	management	 intensity	
categories,	ranging	from	0	to	4.	The	woodlands	in	Upton	and	Woodwalton	were	not	under	





dominated	 communities	 in	 Upton	 (the	 reedswamp,	 Cladium	 and	 J.	 subnodulosus	 fens)	








computed	 using	 three	 independent	 functional	 trait	 axes	 (Table	 2.4)	 related	 to	 plant	
strategy:	 size,	 leaf	 and	 nutrient	 availability.	 The	 size	 axis	 was	 defined	 by	 a	 species’	
vegetative	height	and	was	associated	with	their	ability	to	capture	light.	Height	has	been	






was	 log10-transformed	prior	 to	 any	 analysis	 as	 it	 spanned	 several	 orders	 of	magnitude,	
given	the	large	differences	in	height	between	woody	and	herbaceous	species.	
The	 leaf	 axis	 was	 related	 to	 a	 plant’s	 carbon	 assimilation	 strategy	 and	 nutrient	
turnover	rates	(Reich	et	al.,	1997;	Reich	et	al.,	1999).	However,	most	leaf	traits	are	typically	





were	 also	 strongly	 correlated	 to	 SLA,	 but	 the	 latter	 is	 thought	 to	 show	 stronger	
relationships	with	plant	processes	such	as	 relative	growth	 rate	and	 leaf	 lifespan	 (Perez-
Harguindeguy	et	al.,	2013),	which	are	relevant	variables	to	investigate	biotic	influences	on	
ecosystem	processes.	 SLA	and	 leaf	N	are	normally	 correlated	with	each	other	and	with	
photosynthetic	 rate,	 and	 are	 hence	 positively	 related	 to	 relative	 growth	 rate	 as	 they	
influence	carbon	acquisition	(Wright	et	al.,	2004).	Leaf	δ13C	reflects	the	range	of	a	plant’s	
physiological	responses	to	the	environment,	such	as	stomatal	conductance	and	changes	in	
C:N	 allocation	 to	 carboxylation	 (Seibt	 et	 al.,	 2008).	 It	 is	 also	 closely	 linked	 to	 primary	
productivity	and	water	use	efficiency	as	a	measure	of	carbon	gain	per	unit	water	loss,	or	
the	 ratio	of	net	photosynthetic	 rate	 to	 transpiration	 (Cernusak	et	al.,	2009).	Hence,	 the	


























	 Size	axis	 Leaf	axis	 Nutrient	axis	
Size	axis	 1	 -	 -	
Leaf	axis	 -0.25	 1	 -	




































































is	essential	 for	answering	 fundamental	ecological	questions	 (Mason	and	de	Bello,	2013;	
Sutherland	et	al.,	2013).	Function	refers	to	the	mode	of	action	organisms	employ	to	survive	








addition,	 traits	 have	 assisted	 in	 establishing	 links	 between	 the	 different	 levels	 of	
organisation	of	ecological	systems	(Garnier	et	al.,	2016)	and	in	identifying	axes	of	variation	
representing	 different	 plant	 strategies	 (Westoby,	 1998;	Westoby	 et	 al.,	 2002;	 Laughlin,	
2014),	such	as	resource-use,	competitive	ability	and	sexual	regeneration.	The	acquisition	
and	 use	 of	 resources,	 for	 instance,	 are	 highly	 influenced	 by	 leaf	 area	 and	mass	 ratios	











mass	 tissue	 (high	 LMA),	 low	 nutrient	 concentrations	 and	 low	 rates	 of	 photosynthesis	
(Wright	 et	 al.,	 2004).	 The	 implications	 for	 ecosystem	 processes,	 most	 notably	 the	
biogeochemical	cycles	of	carbon	and	nitrogen,	are	evident	as	leaf	construction	and	nutrient	
content	will	regulate	the	amount	of	recalcitrant	compounds	of	dead	litter	decomposing	in	





constituting	 a	 fundamental	 strategy	 of	 carbon	 acquisition	 (Westoby	 et	 al.,	 2002).	
Moreover,	plant	height	is	related	to	other	aspects	of	plant	water	and	nutrient	assimilation	
since	high	statured	stems	tend	to	correlate	with	deep	root	systems	(Violle	et	al.,	2009),	
influencing	 resource	 depletion	 and	 nutrient	 cycling.	 Therefore,	 functional	 traits	 are	
essentially	 about	 organisms’	 strategies	 and	 adaptations	 to	 succeed	 in	 their	 own	
environment	(see	Table	2.3	in	Chapter	2	for	a	brief	description	of	these	traits).	





species’	 attributes	 constrain	 their	 occurrence	 and	 abundance	 in	 a	 given	 environment.	
However,	as	briefly	discussed	in	Chapter	1	(section	1.1),	grouping	organisms	into	functional	
groups	may	result	in	loss	of	information	on	the	functional	differences	between	individual	
species	 (Villeger	 et	 al.,	 2008).	 Functional	 plant	 ecology	 has	 subsequently	 evolved,	
particularly	 in	 the	 last	 two	 decades	 (Cardinale	 et	 al.,	 2012;	 Naeem	 et	 al.,	 2012),	 from	
classifying	 species	 into	 broad	 functional	 groups	 to	 quantifying	 and	 isolating	 the	 role	 of	
individual	traits	in	community	and	ecosystem	processes	and	function.	Consequently,	the	
functional	diversity	of	plant	communities	has	emerged	as	an	essential	aspect	of	biodiversity	
(Mason	 and	 de	 Bello,	 2013).	 Though	 the	 concept	 of	 functional	 diversity	 can	 be	 rather	
complex	(Petchey	and	Gaston,	2006),	it	has	been	shortly	described	as	‘those	components	
of	 biodiversity	 that	 influence	 how	 an	 ecosystem	 operates	 or	 functions’	 (Tilman,	 2013).	












the	 amount	of	 space	 filled	by	 species	 in	 functional	 niche	 space	 and	 the	 regularity	with	
which	 this	 space	 is	 filled.	 From	 a	 geometrical	 point	 of	 view,	 they	 describe	 a	 species’	
functional	niche	by	its	position	in	functional	trait	space	(Rosenfeld,	2002).	Their	objective	
is	thus	to	define	a	multidimensional	pattern	of	points	in	trait	space,	with	each	coordinate	
corresponding	 to	 a	 measured	 trait	 and	 each	 point	 representing	 an	 individual	 species	
(Schleuter	et	al.,	2010).	
There	 is	 evidence	 that	biological	 communities	with	high	 functional	 diversity	 and	
redundancy	are	more	resilient	and	better	buffered	against	the	vagaries	of	environmental	
change	 (Laliberté	 et	 al.,	 2010;	 Pillar	 et	 al.,	 2013).	 Such	 communities	 are	 in	 general	
associated	with	 increased	 productivity	 and	 ecosystem	 functioning	 (Tilman	 et	 al.,	 1997;	
McGill	et	al.,	2010;	Cadotte	et	al.,	2011).	The	opposite	is	true	for	communities	that	exhibit	
low	 trait	 diversity	 (Brown	 et	 al.,	 2011).	 Therefore,	 variations	 in	 the	 diversity	 of	 plant	
functions	 can	 have	 far-reaching	 consequences	 for	 the	 functioning	 of	 communities	 and	
ecosystems	 (Westoby	 and	 Wright,	 2006),	 particularly	 because	 interspecific	 differences	










and	 timing	 of	 disturbance	 (Foley	 et	 al.,	 2005;	 Garnier	 et	 al.,	 2007),	 resulting	 in	 the	
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modification	of	the	structure	of	an	ecosystem	or	community	through	changes	in	resource	
availability	 (Grime,	 2001).	 Correspondingly,	 functional	 diversity	 metrics,	 as	 well	 as	 the	















shifts	 in	plant	nutrient	economies	 (from	acquisitive	 to	conservative)	along	management	
gradients	(different	disturbance	frequencies)	lead	to	trait	trade-offs	that	cause	feedbacks	
to	ecosystem	functioning	through	plant-soil	interactions	(de	Deyn	et	al.,	2008).	As	pointed	
out	 previously,	 the	 quality	 of	 plant	 litter,	 determined	 by	 leaf/plant	 economics	 traits,	 is	
important	to	decomposability	and	the	quality	of	soil	organic	matter,	which	in	turn	affect	
nutrient	mineralisation	and	accumulation	 rates	 through	changes	 in	energy	and	nutrient	
sources	for	soil	biota	(Wardle	et	al.,	2004).	Consequently,	processes	associated	with	carbon	




intensity	 (i.e.,	 plant	 communities	 subject	 to	 different	mowing	 rotation	 regimes)	 on	 the	












i. How	 do	 observed	 taxonomic	 and	 functional	 diversity	 respond	 to	
increasing	levels	of	management	intensity?	
ii. Does	 the	 observed	 mean	 functional	 trait	 composition	 of	 plant	
communities	 in	 lowland	 fens	 shift	 with	 increasing	 management	
intensity?	
iii. Do	 ecosystem	 processes	 (soil	 carbon	 storage	 and	 soil	 C:N	 ratio)	
respond	 to	 disturbance	 following	 corresponding	 shifts	 (if	 any)	 in	
mean	trait	composition	along	a	management	gradient?	
I	hypothesise	that	taxonomic	diversity	will	 increase	with	 increasing	management	
intensity	 given	 the	 well-known	 effect	 of	 management	 on	 species	 diversity	 of	 rich	 fen	





conservative	traits	 (harder	and	thicker	 leaves	with	 low	SLA	and	 leaf	N	content	and	high	
LDMC	and	leaf	C:N	ratio)	to	species	with	fast	growing	strategies	with	acquisitive	traits	(soft	
leaves	with	high	SLA	and	leaf	N	concentration	and	low	LDMC	and	leaf	C:N	ratio).	Finally,	







measure	 of	 trait	 diversity	 (FD)	 and	 Villeger	 et	 al.'s	 (2008)	 functional	 richness	 (FRic),	
functional	evenness	(FEve)	and	functional	divergence	(FDiv)	metrics	to	calculate	the	multi-
trait	 functional	 diversity	 of	 the	 plant	 communities	 within	 the	 different	 management	
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category	 levels.	Generally,	 these	measures	define	functional	diversity	as	the	spread	and	
distribution	 in	 functional	 trait	 space	 of	 the	 species	 presence	 and	 abundance	 in	 a	
community.	 They	 were	 chosen	 because	 they	 are	 independent	 from	 one	 another,	 are	
complementary	 (i.e.,	 they	measure	 different	 facets	 of	 functional	 diversity)	 and,	 though	
sensitive	 to	 changing	 species	 numbers	 (Villeger	 et	 al.,	 2008;	 Mouchet	 et	 al.,	 2010;	
Pakeman,	 2014),	 are	 not	 trivially	 related	 to	 species	 richness	 (Schleuter	 et	 al.,	 2010).	 In	
addition,	 despite	 some	multi-trait	 functional	 diversity	metrics	 (e.g.	 FRic,	 FEve	and	FDiv)	
having	been	shown	to	be	sensitive	to	the	completeness	of	the	species’	trait	data	coverage	
(Pakeman,	 2014),	 measured	 species	 representing	 90%	 or	 over	 of	 the	 total	 species	
abundance	 cover	 seem	 to	 provide	 reliable	 estimates	 of	 the	 functional	 diversity	 of	 a	
community	when	computed	at	the	plot	 level	and	averaged	across	categories	 (Pakeman,	




weighted	 means	 of	 trait	 values	 (CWM;	 see	 section	 2.4.3	 in	 Chapter	 2),	 where	 the	
abundances	of	species	are	considered	(Violle	et	al.,	2007).	CWM	has	shown	high	sensitivity	
to	disturbance	in	previous	studies	(Diaz	and	Cabido,	1997;	Vandewalle	et	al.,	2010)	and	was	





In	order	 to	 investigate	 the	effects	of	disturbance	on	 the	 functional	diversity	and	
mean	trait	composition	of	lowland	fens,	the	ten	plant	communities	surveyed	at	Upton	and	
Woodwalton	 (Chapter	 2;	 section	 2.1)	 were	 grouped	 according	 to	 their	 management	
intensity	category	(Chapter	2;	section	2.4.1),	resulting	 in	five	distinct	groups	(Table	3.1).	
Two	plots	in	the	reedswamp	in	Upton	were	excluded	from	these	analyses	due	to	providing	
fewer	 than	 four	 species	 with	 trait	 measurements,	 the	 minimum	 required	 for	 the	
computation	of	FRic.	
Functional	trait	data	from	the	64	encountered	species	with	full	trait	measurements	
(representing	approximately	98%	of	 the	total	percentage	cover	of	all	 species	across	 the	

















































































































































































































































































































































































































































































































































































































































































































































































































(log10-transformed)	 was	 also	 used	 as	 it	 is	 expected	 to	 be	 particularly	 responsive	 to	
disturbance.	CWMs	were	computed	in	R	version	3.2.4	(R	Development	Core	Team,	2016).	










the	 four	 metrics	 presented	 here.	 Expected	 values	 of	 functional	 diversity	 under	 null	
distributions	and	 their	effect	 sizes	are	presented	 in	Chapter	5	 to	determine	community	










hierarchically	 clustered	 to	 produce	dendrograms	describing	 the	 functional	 relationships	
between	the	species	within	each	plot.	FD	was	computed	as	the	total	branch	length	of	the	
functional	dendrogram.	Euclidean	distances	and	UPGMA	(Unweighted	Pair-Group	Method	
using	 arithmetic	 Averages)	 clustering	 were	 used	 throughout	 since	 these	 produced	 a	
dendrogram	with	the	highest	cophenetic	correlation	(0.80)	and	the	lowest	Gower	distance	





or	 lost	 contains	 identical	 properties	 to	 a	 species	 that	 is	 already	 present	 (Petchey	 and	
Gaston,	 2006).	 In	 addition,	 using	 the	 dendrogram	 helps	 to	 account	 for	 potential	 non-
independence	in	the	source	of	differences	between	species	(Petchey	and	Gaston,	2006).	
Other	measures	more	 recently	proposed	 that	account	 for	 the	different	 facets	of	
trait	diversity	and	are	independent	of	each	other	(and	to	FD)	include	the	functional	richness	
(FRic),	functional	evenness	(FEve)	and	functional	divergence	(FDiv)	of	Villeger	et	al.	(2008),	




convex	 hull	 volume	 algorithm	 proposed	 by	 Villeger	 et	 al.	 (2008)	 determines	 the	 most	






describe	 the	 regularity	 (evenness)	of	 species’	abundance	distribution	 in	 filled	 functional	
trait	space	(Mason	et	al.,	2005;	Villeger	et	al.,	2008).	FEve	is	scaled	between	0	and	1	and	
decreases	 when	 the	 abundances	 of	 species	 are	 less	 evenly	 distributed	 or	 when	 trait	
distances	 among	 species	 are	 less	 regular.	 It	 reaches	 the	 value	 of	 1	 when	 species	
abundances	 are	 perfectly	 evenly	 distributed	 in	 trait	 space.	 The	 method	 proposed	 by	
Villeger	 et	 al.	 (2008)	 uses	 the	 minimum	 spanning	 tree	 (MST)	 to	 transform	 species	
distribution	in	n-dimensional	functional	space	to	a	distribution	on	a	single	axis,	by	linking	





Functional	 divergence	 (FDiv)	 refers	 to	 the	distribution	of	 abundances	within	 the	
volume	of	multivariate	functional	trait	space	occupied	by	species	(Villeger	et	al.,	2008).	It	
essentially	 determines	 the	 degree	 to	 which	 the	 distribution	 of	 species	 abundances	
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maximises	divergence	in	traits	(Mason	and	de	Bello,	2013).	This	index	is	a	development	on	






































this	 non-independence	 of	 errors	 by	 modelling	 the	 covariance	 structure	 (non-constant	




In	 order	 to	 deal	 with	 idiosyncratic	 factors	 that	 affect	 the	 responses	 from	 the	
individual	 plots	 within	 communities	 and	 management	 categories,	 I	 added	 the	 random	
effect	of	 sampling	plots	 in	LMMs	to	assume	a	different	baseline	value	 for	 the	 response	




to	 the	 data,	 using	 the	 functional	 diversity	 metrics,	 CWMs	 of	 plant	 traits,	 ecosystem	
processes	(soil	C	stock	and	C:N	ratio;	see	Chapter	2,	section	2.3.2)	and	species	richness	as	





































intensity.	 I	 employed	 multiple	 pairwise	 comparisons	 using	 Fisher’s	 least	 significant	
differences	 (LSD)	 on	 response	 variables	 that	 showed	 a	 significant	 effect	 of	 disturbance	

























(FD)	 and	 richness	 (FRic;	 Fig.	 3.1a	 and	 b).	 That	 pattern	 was	 particularly	 strong	 in	 the	
functional	 richness	of	woody	communities	 (Fig.	3.1b).	 In	addition,	woodlands	presented	
higher	 FD	 and	 FRic	 than	 herb-dominated	 communities	 (Fig.	 3.1a	 and	 b).	 Functional	
evenness	(FEve)	and	divergence	(FDiv)	remained	constant	with	increasing	species	richness	
(Fig.	 3.1c	 and	 d),	 with	 no	 discernible	 difference	 between	 woody	 and	 herbaceous	
communities.	However,	woodlands	showed	slightly	higher	FDiv	values	at	the	lowest	levels	
of	species	richness	than	herb-dominated	communities	(Fig.	3.1d).	














sites	 resulted	 in	 communities	 with	 significantly	 higher	 FD	 and	 FRic	 (Fig.	 3.2b	 and	 c,	
respectively;	p	<	0.05,	LSD	analysis).	However,	the	mean	FD	and	FRic	of	the	unmanaged	
	 49	















communities	 had	 the	 highest	 and	 second	 highest	 mean	 functional	 divergence	 (FDiv)	
respectively,	and	were	significantly	different	between	them	and	to	all	other	herb	fen	sites	














































<	0.05)	between	means	 following	Fisher’s	 least	significant	differences	 (LSD)	analysis.	No	
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Surprisingly,	 with	 an	 increase	 in	 disturbance	 intensity	 the	 CWM	 of	 leaf	 traits	
changed	from	exploitative	traits	 to	more	conservative	traits	associated	with	recalcitrant	
leaf	litter,	as	shown	by	overall	trends	of	decreasing	SLA	and	leaf	N	and	increasing	LDMC	
and	 leaf	 C:N	 ratio	 with	 increasing	 management	 intensity	 (Fig.	 3.3).	 As	 expected,	
disturbance	led	to	a	significant	reduction	in	log10-transformed	species’	vegetative	height	(L	
=	175.41;	df	 =	4;	p	 <	0.0001;	 LMM	analysis).	While	 the	unmanaged	woods	 (category	0)	





Management	 had	 a	 significant	 effect	 on	 SLA	 when	 accounting	 for	 the	 random	
effects	of	sampling	plots	(L	=	52.96;	df	=	4;	p	<	0.0001;	LMM	analysis).	The	mean	SLA	of	the	
unmanaged	woods	(category	0)	was	significantly	higher	than	the	means	of	the	managed	




to	 increased	 mean	 LDMC	 (Fig.	 3.3c).	 Management	 had	 a	 significant	 effect	 on	 LDMC	
following	LMM	analysis	(L	=	55.07;	df	=	4;	p	<	0.0001).	With	increasing	disturbance	intensity,	
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while	 the	 most	 intensively	 managed	 communities	 (categories	 3	 and	 4)	 presented	 the	







LMM	 analysis).	 Intensifying	 the	 level	 of	 disturbance	 promoted	 communities	 with	
significantly	higher	water	use	efficiency	(Fig.	3.3f;	p	<	0.005,	LSD	analysis).	The	only	non-
significant	 differences	 between	 mean	 values	 of	 leaf	 d13C	 were	 those	 between	 the	
unmanaged	glades	(category	1)	and	the	Phragmites	fen	(category	2;	Fig.	3.3f;	p	=	0.1,	LSD	
analysis),	and	between	the	latter	and	the	annually	mown	sites	(category	4;	Fig.	3.3f;	p	=	0.1,	
LSD	analysis).	 The	moderately	managed	herbaceous	 communities	 in	Upton	 (category	3)	







disturbed	communities	 (category	4)	presented	higher	mean	 soil	C	 than	 the	unmanaged	
woodlands	(category	0;	Fig.	3.4a;	p	<	0.0001,	LSD	analysis),	potentially	because	of	intense	
management	 favouring	 conservative	 traits	 normally	 associated	 with	 reduced	
decomposition	rates,	leading	to	soil	C	build	up	under	relatively	low	mineralisation	rates.	In	




significantly	 different	 to	 all	 herb-dominated	 communities	 (Fig.	 3.4a;	 p	 <	 0.001,	 LSD	
analysis).	 There	 were	 no	 significant	 differences	 between	 the	 unmanaged	 glades	 and	
management	categories	2	(low	management)	and	4	(high	management;	Fig.	3.4a;	p	>	0.05,	
















unmanaged	 glades	 (category	 1)	 and	 the	 Phragmites	 fen	 in	 Woodwalton	 (category	 2)	
showed	 the	 highest	 mean	 soil	 C:N	 ratio	 (Fig.	 3.4b;	 p	 <	 0.001,	 LSD	 analysis),	 probably	





The	variability	 in	soil	C	stock	was	higher	 in	Woodwalton,	with	 four	management	
intensity	categories	(0,	1,	2	and	4),	than	in	Upton,	with	only	two	categories	(0	and	3;	Fig.	
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presenting	a	slightly	higher	overall	mean	 (15.11	±	0.12;	1	S.E.	of	 the	mean)	 than	Upton	
(13.82	±	0.17;	1	S.E.	of	the	mean;	Fig.	3.5b),	suggesting	relatively	low	mean	N	concentration	
in	Upton	soils	compared	to	Woodwalton.	Table	3.2	presents	the	means	and	standard	errors	












relationship	 between	 environmental	 change	 and	 ecosystem	 processes	 (Lavorel	 et	 al.,	
2008).	 The	 present	 study	 elucidates	 the	 effects	 of	 disturbance	 on	 the	 taxonomic	 and	
functional	 composition	 of	 lowland	 fen	 communities	 and	 its	 concomitant	 effect	 on	
ecosystem	processes.	The	current	analyses	provide	some	key	evidence	that	taxonomic	and	
functional	diversity	respond	similarly	to	disturbance	pressure	among	managed	herbaceous	









































Table	 3.2:	Mean	 of	 functional	 diversity	metrics,	 species	 richness,	 community	weighted	
mean	 (CWM)	 of	 plant	 traits	 and	 soil	 variables	 (±	 one	 standard	 error	 of	 the	mean)	 per	














to	 account	 for	 the	 direct	 and	 indirect	 effects	 of	 environmental	 variables	 and	 plant	
functional	traits	acting	simultaneously	on	ecosystem	processes.	Weighting	the	concurrent	
n
FD 14.10 ± 0.43 13.53 ± 1.47 9.81 ± 0.48 10.62 ± 0.43 12.68 ± 0.45
FRic 3.25 ± 0.29 2.72 ± 0.66 0.98 ± 0.12 1.38 ± 0.15 2.22 ± 0.16
FEve 0.58 ± 0.01 0.59 ± 0.04 0.57 ± 0.02 0.57 ± 0.02 0.60 ± 0.02
FDiv 0.85 ± 0.01 0.68 ± 0.03 0.70 ± 0.03 0.71 ± 0.02 0.77 ± 0.01
Sp 8.49 ± 0.32 9.88 ± 1.22 9.59 ± 0.49 9.41 ± 0.57 11.08 ± 0.52
CWMs
Log10 	of	plant	height	(cm) 2.80 ± 0.04 2.27 ± 0.06 2.20 ± 0.01 2.19 ± 0.01 2.00 ± 0.03
SLA	(cm2 	mg-1 ) 0.27 ± 0.01 0.25 ± 0.02 0.19 ± 0.004 0.16 ± 0.01 0.18 ± 0.003
LDMC	(mg	g-1 ) 300.91 ± 5.56 299.56 ± 25.64 340.20 ± 3.07 355.63 ± 5.93 353.29 ± 5.36
Leaf	N	(mg	g-1 ) 29.78 ± 0.68 28.09 ± 1.76 24.97 ± 0.56 20.84 ± 1.05 18.95 ± 0.86
Leaf	C:N	ratio 15.87 ± 0.37 17.17 ± 0.98 19.21 ± 0.57 26.38 ± 1.23 25.69 ± 1.00
Leaf		d 13 C	(‰) -31.36 ± 0.13 -29.99 ± 0.23 -29.52 ± 0.06 -28.57 ± 0.07 -29.19 ± 0.08
Ecosystem	processes
Soil	C	stock	(g	cm-2 ) 81.98 ± 5.78 125.75 ± 10.23 121.48 ± 5.07 42.31 ± 1.05 142.70 ± 4.27
Soil	C:N	ratio 14.37 ± 0.15 15.17 ± 0.18 16.00 ± 0.14 13.44 ± 0.28 14.74 ± 0.15
8 17 32 26
Management	intensity	categories
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effects	of	abiotic	factors	may	be	important	to	disentangle	the	contribution	of	these	two	
components	 to	 changes	 in	 soil	 C	 and	 N,	 as	 determined	 in	 Chapter	 4	 using	 structural	
equation	modelling	(SEM).	
The	response	of	functional	diversity	was	highly	dependent	on	the	metric	used	and	
the	 type	 of	 community	 sampled	 (woody	 vs	 herbaceous),	 with	 indices	 that	 use	 species	
presence	responding	differently	to	those	that	account	for	species	relative	abundances.	The	
metrics	 used	 here	were	 therefore	 shown	 to	 be	 independent	 of	 one	 another	 (i.e.,	 they	
measure	 different	 aspects	 of	 functional	 diversity	 and	 are	 not	 redundant),	 in	 line	 with	
previous	results	(Villeger	et	al.,	2008;	Schleuter	et	al.,	2010).	Overall,	increasing	disturbance	
intensity	led	to	higher	taxonomic	diversity	and,	though	functional	diversity	(FD),	richness	
(FRic)	 and	 divergence	 (FDiv)	 decreased	 from	 unmanaged	woodlands	 to	managed	 herb-
dominated	communities,	they	increased	with	increasing	disturbance	intensity	among	the	
managed	herbaceous	sites.	Therefore,	there	was	an	overall	loss	of	functional	trait	diversity	
from	woody	 to	 herbaceous	 communities,	 but	 an	 increase	 in	 the	 diversity	 of	 traits	 and	





of	 the	 LES	 continuum	were	 contrary	 to	 my	 predictions,	 as	 well	 as	 to	 previous	 studies	
(Garnier	et	al.,	2007;	Golodets	et	al.,	2009;	Dainese	et	al.,	2015).	Soil	C	storage	behaved	
generally	as	expected,	given	 the	results	of	 the	 leaf	 functional	 traits,	but	 the	differences	
seen	 between	 the	 Upton	 and	 Woodwalton	 herbaceous	 sites	 remain	 puzzling	 and	 are	



















potential	 niche	 space	 (Fig.	 3.1	 a	 and	 b),	 resulting	 in	 increasing	 variability	 in	 ecological	
strategies	to	cope	with	increasing	plot-level	species	density.	This	might	indicate	stronger	
biotic	and	competitive	interactions	at	higher	levels	of	species	density,	for	example	higher	
limiting	 similarity	 effects	 (discussed	 further	 in	 Chapter	 5	 on	 community	 assembly	
processes).	
The	striking	difference	between	woodlands	and	herb-dominated	sites	 in	the	FRic	
pattern	against	species	numbers	 is	most	 likely	 reflecting	a	 larger	variety	of	strategies	 in	
woody	communities	to	adapt	to	a	more	heterogeneous	set	of	conditions	(e.g.,	open	canopy	
vs	 shaded	 understorey).	 Accordingly,	woody	 sites	mostly	 presented	 higher	 FD	 and	 FRic	
values	than	herb-dominated	communities,	probably	as	a	result	of	higher	trait	dispersion	
(meaning	 greater	 distances	 between	 species	 in	 the	 FD	 dendrogram)	 and	 greater	
differences	between	vertices	(the	most	extreme	trait	values	of	the	convex	hull)	 in	plant	
vegetative	height	and	 leaf	 traits	 (Fig.	3.3),	 reflecting	 the	differences	between	dominant	
canopy	species,	such	as	Alnus	glutinosa,	Betula	pubescens	and	Fraxinus	excelsior,	and	the	
understorey	and	field	layers	comprised	of	shrubs,	monocots	and	forbs	(Appendix	1).	That	
discrepancy	 is	 more	 accentuated	 in	 FRic	 than	 FD,	 probably	 because	 FRic	 ignores	 any	
potential	functional	variation	within	the	convex	hull	(Mouchet	et	al.,	2010).	
Contrary	to	FD	and	FRic,	FEve	and	FDiv	were	shown	to	be	independent	of	species	
richness	 and	 non-monotonic,	 also	 in	 accordance	with	 previous	 findings	 (Villeger	 et	 al.,	
2008;	 Mouchet	 et	 al.,	 2010;	 Schleuter	 et	 al.,	 2010).	 FEve	 is	 maximised	 by	 an	 even	
distribution	of	both	species	and	abundances	in	functional	space,	with	an	increase	in	FEve	
values	 denoting	 a	 fuller	 utilisation	 of	 resources	 (Carreño-Rocabado	 et	 al.,	 2012).	
Woodlands	and	herbaceous	communities	 showed	high	and	 low	values	of	 FEve,	with	no	
clear	 distinction	 between	 them	 (Fig.	 3.1c),	 meaning	 species	 abundances	 were	 both	
regularly	 and	 irregularly	 distributed	 in	 functional	 space	 throughout	 the	 two	 fen	 sites.	
However,	most	of	the	values	were	above	0.5,	indicating	a	predominance	of	relatively	high	























the	 overall	 slightly	 higher	 FDiv	 values	 in	 the	 woody	 communities	 if	 compared	 to	 the	
herbaceous	 sites.	 Species	 in	 the	 field	 layers	 are	 occupying	 a	 different	 niche	 to	 the	 tall	
canopy	 species	 to	 cope	 with	 potentially	 reduced	 levels	 of	 resources	 such	 as	 light	 and	
nutrients.	That	is	particularly	evidenced	by	the	higher	FDiv	in	the	woodlands	at	low	species	





Taxonomic	 and	 functional	 diversity	 responded	 mostly	 positively	 to	 increasing	
disturbance	 intensity	 among	managed	herbaceous	 sites	 (question	 i),	 though	preventing	
woody	 vegetation	 from	 replacing	 herbaceous	 fens	 through	 vegetation	 management	








with	 other	 studies	 reporting	 increased	 species	 diversity	 following	 management	
intervention	 in	 fen	 sites	 (Shaw	and	Wheeler,	 1991).	Management	often	prevents	 scrub	
invasion	and	the	development	of	fen	woodland	and	helps	to	maintain	the	composition	of	










of	 regular	 flooding,	which	 are	 unfavourable	 to	 the	 establishment	 of	 tree	 seedlings	 and	
other	 species	 (Wheeler,	 1980a).	On	 the	other	hand,	 the	 relatively	 species-rich	 annually	
mown	sites	 in	Woodwalton	have	smaller	 summer	biomass	and	 likely	present	much	 less	
light	 attenuation	 through	 the	 vegetation	 stand	 than	 the	 lesser	 managed	 communities	
(Wheeler	and	Shaw,	1995).	
Although	mean	FD	and	FRic	decreased	 from	woodlands	 to	managed	herbaceous	





to	 rarer	 ones.	 They	 should	 hence	 be	 interpreted	 separately	 since	 the	 variation	 in	 the	




increasing	 pressure	 of	 environmental	 filters	 (Cornwell	 et	 al.,	 2006),	 or	 in	 this	 case	 of	
management	filters.	Frequent	disturbance	in	the	managed	herbaceous	sites	is	filtering	out	




to	 managed	 herbaceous	 fens	 mostly	 reflect	 the	 effect	 of	 plant	 vegetative	 height.	 This	
reduction	 in	 functional	 diversity	 and	 richness	 in	 relatively	 disturbed	 sites	 compared	 to	
undisturbed	communities	was	also	confirmed	by	other	studies	(Pakeman,	2011;	Dainese	et	
al.,	 2015).	 On	 the	 other	 hand,	 increasing	 trait	 diversity	 with	 increasing	 disturbance	 of	
herbaceous	fens	may	be	the	result	of	significant	strategic	variation	between	pioneer-type	
species	 with	 adaptations	 for	 rapid	 growth	 between	 disturbances	 and	 for	 coping	 with	





the	 intensity	 of	 competitive	 interactions	 (Mason	 et	 al.,	 2007;	 Villeger	 et	 al.,	 2008),	
precipitated	in	this	case	by	management	effects.	The	unmanaged	woodlands	seem	to	be	
experiencing	 enhanced	 niche	 differentiation	 between	 the	 woody	 and	 the	 herbaceous	
components	of	the	vegetation,	evidenced	by	their	higher	mean	FDiv	than	the	herbaceous	
communities	 (Table	 3.2).	 Species	 attaining	 mature	 heights	 at	 different	 depths	 along	 a	
vertical	 profile,	 such	 as	 commonly	 found	 in	 woodland	 environments,	 are	 operating	 at	
different	light	incomes,	heat	loads,	wind	speeds,	humidity	and	with	different	investment	
costs	 for	 supporting	photosynthetic	 tissue	and	 lifting	water	 and	nutrients	 to	 the	 leaves	
(Westoby,	 1998),	 leading	 to	 divergent	 ecological	 strategies	 to	 establish,	 grow	 and	
reproduce.	In	addition,	species	present	different	stem	tissue	properties	according	to	the	
height	of	the	photosynthetic	tissue	attained	throughout	most	of	their	lifetime	(e.g.,	woody	
vs	 herbaceous	 stem;	 Westoby,	 1998).	 On	 the	 other	 hand,	 the	 unmanaged	 and	 lesser	
managed	herbaceous	 sites	are	 showing	 stronger	niche	overlap	 (lowest	FDiv;	Table	3.2),	
possibly	due	 to	more	 similar	 strategies	 in	 light	 and	nutrient	 acquisition	adopted	by	 the	
dominant	 tall	 monocotyledons	 (e.g.,	 Phragmites	 australis,	 Cladium	 mariscus,	 Juncus	




Hydrocotyle	 vulgaris,	 Ranunculus	 flammula	 and	 Galium	 uliginosum)	 in	 relation	 to	
monocotyledons,	 with	 potentially	 different	 responses	 to	 light	 and	 nutrient	 availability	
(Wheeler,	1980a).	
Mean	 FEve	 remained	 unaltered	 along	 the	 management	 gradient	 (Fig.	 3.2d),	
meaning	 the	 regularity	 in	 the	 distribution	 of	 abundances	 in	 functional	 space	 did	 not	
respond	to	changing	disturbance	frequency.	FEve	has	been	found	to	be	quite	sensitive	to	
niche	 filtering	 (Mouchet	 et	 al.,	 2010),	with	an	 increase	 in	mean	FEve	 indicating	a	 fuller	
utilisation	of	resources	(Carreño-Rocabado	et	al.,	2012)	 in	strongly	competitive	contexts	
where	abundances	are	more	evenly	distributed	(Mouchet	et	al.,	2010).	Therefore,	in	terms	






different	 logging	 regimes	 (Carreño-Rocabado	 et	 al.,	 2012)	 and	 for	mountain	 grasslands	
under	the	effects	of	grazing	(Dainese	et	al.,	2015).	Previous	studies	have	also	found	that	
intensified	management	of	ecosystems	can	reduce	their	resilience	and	hence	increase	their	
vulnerability	 to	 future	global	environmental	change	 through	simultaneous	 reductions	 in	
the	 number	 of	 species	 with	 similar	 effects	 on	 ecosystem	 functioning	 (functional	
redundancy)	and	the	diversity	of	responses	to	disturbance	(Laliberté	et	al.,	2010).	Under	
reduced	functional	redundancy	only	minor	changes	in	the	number	of	species	could	result	
in	 significant	 changes	 in	 functional	 diversity	 (Flynn	 et	 al.,	 2009)	 and	 the	ability	of	plant	
communities	to	respond	to	environmental	change	(Elmqvist	et	al.,	2003;	Folke	et	al.,	2004).	
However,	the	results	presented	here	showed	enhanced	taxonomic	and	functional	diversity	
of	 herbaceous	 fen	 communities	 with	 intensifying	 management,	 coupled	 with	 a	 higher	
number	of	species	per	functional	group	(grasses,	sedges,	rushes	and	forbs)	in	the	mostly	
managed	 sites	 (Appendix	 1),	 supposedly	 increasing	 their	 redundancy,	 diversity	 and	
resilience	to	future	disturbances.	The	results	presented	here	though	have	possibly	been	
influenced	by	the	type	of	traits	chosen	for	this	study	and	the	aspects	of	plant	functionality	






The	 CWM	 of	 the	 plant	 traits	 considered	 here	 was	 an	 important	 indicator	 of	
community	 response	 to	management	modification,	with	a	significant	shift	 in	mean	trait	
composition	with	increasing	disturbance	(question	ii),	from	species	with	relatively	soft	and	
easily	decomposable	leaves	to	thick-leaved	species	that	produce	recalcitrant	leaf	litter.	This	
facet	 of	 community	 composition,	 which	 reflects	 the	 dominant	 type	 of	 organisms	 in	
biological	communities	(Vandewalle	et	al.,	2010),	can	be	particularly	useful	to	understand	
the	response	of	ecosystems	to	changes	in	conditions	following	management	intervention.	
As	 would	 be	 expected,	 plant	 vegetative	 height	 showed	 a	 strong	 response	 to	
increasing	 disturbance	 (Fig.	 3.3a),	 with	 frequent	 mowing	 regimes	 preventing	 the	
establishment	of	trees	and	shrubs,	destroying	top	canopy	cover,	allowing	for	daylight	to	
become	available	near	the	ground	and	excluding	woody	tissue	from	deposited	plant	litter	





C:N	 ratio	 with	 increasing	 disturbance	 (Fig.	 3.3),	 leading	 to	 species	 with	 relatively	 soft,	
nutrient-rich	leaves	being	replaced	by	those	with	carbon-rich,	recalcitrant,	nutrient-poor	




















lutetiana,	 Galium	 aparine	 and	 Geranium	 robertianum.	 These	 species	 are	 mostly	
characterised	by	relatively	high	SLA	and	leaf	N	and	low	LDMC	and	leaf	C:N	ratio	(Appendix	
3).	On	the	other	hand,	the	Cladium	and	J.	subnodulosus	fens	in	Upton	and	the	sedge	fen	in	
Woodwalton	 are	 rich	 in	 thick-leaved	 monocots	 like	 Cladium	 mariscus,	 Calamagrostis	
canescens,	J.	subnodulosus	and	Molinia	caerulea,	all	species	with	comparatively	 low	SLA	
and	leaf	N	and	high	LDMC	and	leaf	C:N	ratio	(Appendix	3).	Therefore,	taxa	comprising	the	
vegetation	 of	 these	 herb-dominated	 communities	 are	 largely	 typified	 by	 species	 with	






different	 plant	 groups	 respond	 differently	 to	 disturbance	 and	 hydrological	 conditions	
(Vinther	and	Hald,	2000;	Kołos	and	Banaszuk,	2013),	with	fast-growing	generalist	species	
persisting	 through	 regular	 long-term	mowing	 to	 produce	 vegetation	 resembling	 a	 rush	
community	where	 tall	monocotyledons	 prevail	 (Kołos	 and	Banaszuk,	 2013).	 In	 fact,	 the	








conservative	 economic	 strategy	 seen	 for	 the	 herb-dominated	 sites	 in	 general.	 It	 is	 also	
possible	that	yearly	cutting,	though	regarded	here	as	high	management	intensity,	may	still	
represent	relatively	low	disturbance	at	an	intermediate	level	of	management	if	compared	




(relatively	 high	 LDMC)	 at	 intermediate	 grazing	 levels	 under	 reduced	 land-use	 intensity	
compared	 to	 intensively	managed	 and	 abandoned	 land	 (Pakeman	 and	Marriott,	 2010).	
Abandonment	of	management	could	thus	initially	favour	species	with	acquisitive	strategies	
to	gain	height	following	the	arresting	of	pressure.	Moreover,	the	time	of	cutting	(normally	








possibly	 to	 exploit	 gaps	 in	 canopy	 during	 leaf	 fall	 of	 the	 deciduous	 tall	 species.	 Short	
graminoids	(P.	trivialis)	and	high-canopy	trees	(A.	glutinosa)	have	indeed	been	shown	to	
have	high	 leaf	area	 leading	 to	 fast	acquisition	of	 resources	and	 relatively	 rapid	nutrient	
turnover	 rates	 (Diaz	 and	 Cabido,	 1997).	 Moreover,	 woody	 deciduous	 species	 tend	 to	
produce	fast-decomposing	 litter	compared	to	woody	evergreen	species	 (Cornwell	et	al.,	




species	 (Hagemann	 and	 Moroni,	 2015),	 which	 were	 confirmed	 by	 the	 trait	 results	
presented	 here	 (Appendix	 3,	 2.2b,	 2.7b	 and	 2.8b).	 These	 results	 have	 important	
implications	for	the	biogeochemical	cycles	of	C	and	N,	since	the	ease	with	which	organic	






Mean	 soil	 C	 largely	 increased	 with	 increasing	 disturbance	 intensity	 (Fig.	 3.4a),	
following	 a	 corresponding	 shift	 in	 mean	 plant	 trait	 composition	 with	 intensifying	
	 66	
management	(question	iii),	from	relatively	easily	decomposable,	soft,	nutrient-rich	leaves	






ratio	 hypothesis	 in	 that	 traits	 of	 the	 dominant	 species	 might	 help	 to	 drive	 ecosystem	
processes	 linked	 to	biogeochemical	 cycling	 (Grime,	1998;	 Laughlin,	 2011;	 Lavorel	 et	 al.,	
2011;	Grigulis	et	al.,	2013),	rendering	the	variability	in	plant	traits	an	important	component	
of	 biodiversity	 that	 should	 not	 be	 separated	 from	 the	 environment	 when	 assessing	
ecosystem	functioning.	
Even	 though	 mean	 soil	 C	 responded	 to	 changes	 in	 disturbance	 intensity	 that	
corresponded	to	changes	in	community	functional	composition	as	expected,	the	surprising	
results	of	the	CWM	analysis	showed	that	ecosystem	processes	responded	in	the	opposite	
direction	 of	 the	 one	 initially	 expected,	 with	 the	 most	 disturbed	 habitats	 (herbaceous	





communities	 (Fig.	3.4).	 In	 fact,	 there	were	substantial	differences	 in	soil	nutrient	stocks	
between	Upton	and	Woodwalton,	with	the	latter	also	presenting	more	variable	soil	C	and	
N	within	its	communities.	That	difference	is	intriguing	considering	that	the	mean	CWMs	of	












acquisition	 strategies	 among	 species	 have	 implications	 for	 leaf	 litter	 quality,	which	 has	
been	found	to	differ	consistently	across	plant	functional	groups	in	peatlands	(Dorrepaal	et	
al.,	 2005).	 Litter	 quality	 correlates	 strongly	 with	 rates	 of	 decomposition	 and	 soil	
heterotrophic	respiration	(Cornelissen	et	al.,	2007).	The	poor-quality	leaf	litter	produced	
by	the	monocot	plants	prevalent	in	the	herbaceous	sites	(Appendix	1)	is	possibly	relatively	
rich	 in	 recalcitrant	 polymeric	 substances	 like	 lignin	 and	 other	 phenolic	 compounds	







potentially	 increase	 rates	 of	 nitrification	 (Laughlin,	 2011)	 and	 heterotrophic	 respiration	












In	 line	with	 previous	 studies	 (Lavorel	 et	 al.,	 2008;	 Vandewalle	 et	 al.,	 2010),	 the	




a	 loss	 of	 trait	 diversity.	 The	 introduction	 of	 disturbance	 can	 lead	 to	 abiotic	 filtering,	








captured	 simultaneously	 within	 communities	 and	 across	 a	 management	 gradient	 (see	
Chapter	5	on	community	assembly	processes),	confirming	that	results	are	highly	dependent	
on	the	type	of	functional	diversity	metric	used	and	most	likely	on	the	type	of	ecosystem	




soil	processes,	as	expected	 from	theoretical	 concepts	 (de	Deyn	 et	al.,	2008)	and	 recent	
empirical	results	(Garnier	et	al.,	2007;	Grigulis	et	al.,	2013).	As	shown	here,	communities	
with	 more	 exploitative	 plant	 strategies	 may	 result	 in	 greater	 biomass	 production,	 but	
potentially	 at	 the	 cost	 of	 poor	 carbon	 and	 nitrogen	 retention.	 Therefore,	management	
practices	 in	Woodwalton	in	particular	seem	to	be	promoting	not	only	enhanced	floristic	







In	 summary,	 functional	 components	 can	 be	 used	 as	 indicators	 for	 biodiversity	
conservation	 in	 the	 context	 of	 land	 use	 change	 and	 complement,	 rather	 than	 replace,	
existing	 biodiversity	 monitoring,	 since	 the	 evaluation	 of	 the	 effects	 of	 management	














Determining	 the	 response	 of	 ecosystem	 processes	 and	 functioning	 to	 changing	
environmental	 conditions	 in	 UK	 peatlands,	 as	 well	 as	modelling	 their	 interactions	with	
other	 ecosystem	 components	 (e.g.,	 plant	 functional	 traits)	 are	 becoming	 increasingly	
important,	 particularly	 for	 informing	 conservation	 policies	 for	 ecosystem	management	













Billett	 et	 al.,	 2010;	Natural	 England,	 2010),	 the	extent	 to	which	 shifts	 in	 environmental	
variables	 and	plant	 functional	 traits	 in	 lowland	 fens	 affect	 carbon	 storage	 is	 still	 poorly	
understood.	 Abiotic	 factors	 are	 typically	 considered	 the	 primary	 drivers	 of	 ecosystem	
processes	in	wet	environments	(Keddy,	2010;	Mitsch	and	Gosselink,	2015).	Much	has	been	
attributed,	for	instance,	to	water	table	variation	(Bellisario	et	al.,	1998;	Updegraff	et	al.,	
2001),	 which	 affects	 anaerobic	 conditions	 by	 regulating	 the	 thickness	 of	 the	 oxic	 zone	
(Morris	et	al.,	2011)	and	the	activity	of	phenol	oxidases	(Freeman	et	al.,	2004).	The	latter	
are	thought	to	play	a	central	role	in	the	breakdown	of	complex	organic	matter	(Bardgett	et	
al.,	 2008).	 Soil	 processes	 such	 as	 nutrient	 cycling	 (Goll	 et	 al.,	 2012)	 and	 the	N	 isotopic	
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composition	(δ15N	in	‰)	of	soil	organic	matter,	reflecting	soil	fertility	and	N	availability	to	
plants	 (He	 et	 al.,	 2009;	 Jeffers	 et	 al.,	 2015),	 are	 also	 crucial	 in	 controlling	 soil	 C	 stocks.	
Nitrogen	 deposition	 in	 soils,	 for	 example,	 can	 contribute	 to	 C	 uptake	 in	 N-limited	
ecosystems	 by	 regulating	 soil	 fertility	 and	 plant	 growth	 (Torn	 et	 al.,	 2009).	 Moreover,	
anthropogenic	influences	through	land	use	change	and	management	practices	have	also	
been	 recognised	 as	 primary	 contributors	 to	 changes	 in	 soil	 carbon	 dynamics	 in	 various	
ecosystems	(Vitousek	et	al.,	1997).	Land	management	modifies	community	diversity	and	














Vascular	 plants	 are	 indeed	 well	 known	 for	 modifying	 the	 environment	 towards	 better	
conditions	 for	 themselves	 (Eppinga	 et	 al.,	 2009),	 with	 recent	 research	 suggesting	 that	










and	direction	of	 these	 changes	on	 function	 (Suding	 et	al.,	 2008).	 Therefore,	 there	 is	 an	
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impending	 urgency	 to	 model	 the	 impact	 different	 ecosystem	 components	 (biotic	 and	










N	 (Lavorel	and	Grigulis,	2012)	or	 to	 increase	soil	C	 sequestration	via	decomposition	 (de	
Deyn	et	al.,	2008).	The	outcome	is	dependent	on	the	quality	of	litter	produced,	such	as	leaf	
physical	 toughness	 (Quétier	 et	 al.,	 2007),	 leaf	 palatability	 (Cornelissen	 et	 al.,	 1999)	 or	
growth-form	 related	 chemistry	 (Dorrepaal	 et	 al.,	 2005;	 Cornelissen	 et	 al.,	 2007).	 These	





Bridgham	 et	 al.,	 2006;	 Lawrence	 and	 Zedler,	 2013),	 aboveground	 biomass	 (AGB)	 is	 an	
important	 temporary	 pool	 of	 fixed	 carbon	 (Means	 et	 al.,	 2016)	 and	 a	 crucial	 element	
affecting	 CO2	 fluxes	 (Shaver	 et	 al.,	 1998),	 making	 plant	 AGB	 a	 major	 component	 of	
ecosystem	functioning	in	wet	environments	(Minden	and	Kleyer,	2011).	AGB	can	be	thus	
considered	 an	 ecosystem	 process	 because	 it	 is	 linked	 to	 the	 provision	 of	 a	 number	 of	
ecosystem	services	like	climate	regulation	and	soil	erosion	protection	(Mace	et	al.,	2012).	
AGB	responds	directly	to	the	effects	of	vegetation	functional	composition	(Lou	et	al.,	2016)	
and	 to	 environmental	 variables,	 such	 as	 water	 table	 height	 (Shi	 et	 al.,	 2015)	 and	 soil	
nutrient	availability	(Chapin	III	and	Shaver,	1996).	AGB	is	also	influenced	by	the	intensity	of	
anthropogenic	disturbance	 (Minden	et	al.,	2016),	which	 likely	has	a	direct	effect	on	the	




















been	determined,	 it	 is	 necessary	 to	 identify	 the	 key	 characteristics	 and	mechanisms	by	





2002)	 and	metabolic	 rates	 (Enquist	 et	 al.,	 1998).	 Plant	 height	 represents	 a	 trade-off	 in	
carbon	 investment	 between	 support	 and	 transport	 tissues	 and	 photosynthetic	 tissues	













low	 dry-mass	 per	 unit	 area.	 On	 the	 other	 hand,	 species	 with	 low	 leaf	 nutrient	
concentrations,	 low	rates	of	photosynthesis	and	respiration,	 long	 leaf	 lifetimes	and	high	
dry-mass	per	unit	area	are	at	the	slow	end	of	the	gradient.	These	contrasting	strategies,	
referred	to	as	exploitative	and	conservative	by	Lavorel	and	Grigulis	(2012)	respectively,	of	
growth	 and	 resource-use	 have	 implications	 for	 nutrient	 and	 energy	 flows	 through	
ecosystems	 (Diaz	 et	 al.,	 2004;	 Suding	 et	 al.,	 2008),	 and	 have	 recently	 been	 linked	 to	
biogeochemical	 cycles	 in	 empirical	 studies	 (Lavorel	 and	 Grigulis,	 2012;	 Donovan	 et	 al.,	




in	 understanding	 leaf	 litter	 quality	 affecting	 soil	 processes	 (Fortunel	 et	 al.,	 2009).	 In	
addition,	 isotopic	 signatures	 of	 leaf	 tissue,	 such	 as	 leaf	 δ13C	 (‰),	 can	 be	 useful	 in	
quantifying	plant-soil	carbon	fluxes	(Staddon,	2004)	and	as	a	proxy	for	species-level	water	




up	 to	 trade-offs	 between	 ecosystem	 properties	 with	 fast	 and	 slow	 turnover	 rates.	
Communities	 dominated	 by	 species	 characterised	 by	 quick	 return	 rates	 should	 have	





The	 biomass	 ratio	 hypothesis	 postulates	 that	 the	 traits	 of	 individual	 species	
combine	with	their	biomass	proportion	in	the	communities	to	determine	the	impacts	of	
plant	 communities	 on	 ecosystem	 processes	 (Grime,	 1998;	 Dıáz	 and	 Cabido,	 2001).	
Community-weighted	 means	 (CWMs;	 Chapter	 2,	 section	 2.4.3)	 of	 plant	 traits	 should	
therefore	 provide	 an	 ideal	 measure	 to	 capture	 such	 effects,	 since	 they	 represent	 the	
average	trait	value	per	unit	of	biomass	within	a	community	(Violle	et	al.,	2007).	CWMs	of	
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plant	 traits	 are	 used	 here	 to	 link	 environmental	 variables	with	 ecosystem	 processes	 in	
hypothesised	path	models.	
	
4.1.3	 	 Hypothesised	models	 linking	 environmental	 variables,	 plant	 functional	 traits	 and	
ecosystem	processes	
	
Based	 on	 the	 evidence	 of	 the	 effects	 of	 environmental	 variables	 and	 plant	
functional	 traits	 on	ecosystem	processes	 and	 the	biogeochemical	 cycles	of	C	 and	other	
nutrients	 presented	 thus	 far,	 the	 main	 aim	 of	 this	 chapter	 is	 to	 quantify	 the	 size	 and	
direction	 of	 direct	 and	 indirect	 effects	 that	 key	 biotic	 and	 abiotic	 components	 have	on	
ecosystem	processes	in	lowland	fens	(Upton	and	Woodwalton).	To	that	end,	I	constructed	
hypothesised	models	of	interacting	ecosystem	variables	(Fig.	4.1)	using	path	analysis	and	
structural	 equation	 modelling	 (SEM),	 which	 can	 be	 defined	 as	 confirmatory	 statistical	
methods	allowing	the	a	priori	knowledge	of	the	ecosystem	to	be	tested	against	observed	








table	 height	 relative	 to	 each	 sampling	 plot	 (Water_table)	 were	 used	 as	 the	 main	
environmental	 variables.	 Since	water	 table	data	were	not	available	 for	Upton,	 soil	d15N	
(Soil_d15N)	was	used	instead	as	a	proxy	variable	reflecting	soil	fertility.	
Given	 the	 tentative	 link	 between	 leaf	 traits	 and	 soil	 processes	 demonstrated	 in	
Chapter	 3,	 functional	 traits	 were	 modelled	 as	 exerting	 direct	 effects	 on	 ecosystem	
processes	 (Fig.	 4.1).	 The	 community	 weighted	 means	 of	 plant	 vegetative	 height	
(CWM_Size)	and	of	leaf	N	(CWM_leaf_N)	and	δ13C	(CWM_leaf_d13C)	were	chosen	as	plant	
traits	characterising	the	two	independent	dimensions	of	plant	strategy	related	to	the	size	














given	 their	prominence	 in	 climate	 change	policy	and	mitigation	 strategies	 (Billett	 et	al.,	
2010;	Bateman	et	al.,	2013;	Means	et	al.,	2016).	 I	expect	soil	C	stock	to	respond	to	the	
environmental	variables	and	plant	traits	mentioned	above,	as	well	as	to	other	ecosystem	
processes	 like	 plant	 litter	 annual	 production	 rate,	 live	 and	 dead	 aboveground	 biomass	
(AGB)	and	soil	N	(Fig.	4.1).	These	are	key	ecosystem	processes	directly	affecting	the	C	cycle	
Env.	variables Plant	traits Ecosystem	processes 
a)	Upton	&	Woodwalton 























(soil	 fertility).	 As	 discussed	 in	 Chapter	 2	 (section	 2.4.2),	 sites	 that	 have	 experienced	
increased	N	 availability	may	 promote	 vegetation	with	 relatively	 high	 foliar	 δ15N	 due	 to	
increased	 availability	 of	 15N-enriched	 nitrogen	 from	 soil	 organic	 matter	 in	 relation	 to	
mycorrhizal	fungi	(Craine	et	al.,	2009a).	As	plant	material	decay	into	soil	organic	matter,	
the	 15N-enrichment	of	plant	material	 following	high	N	availability	 is	 reflected	 in	 the	 15N	
signature	of	soil	(Amundson	et	al.,	2003).	Additionally,	the	inclusion	of	leaf	δ13C	in	Model	a	
was	 meant	 to	 represent	 species’	 productivity	 through	 their	 water	 use	 efficiency	 and	
photosynthetic	rates	(see	section	2.4.2	in	Chapter	2).	
The	 first	 links	 to	 be	 considered	 are	 between	 environmental	 variables	 and	 plant	
traits	 (Fig.	 4.1a).	 Following	 the	 results	 presented	 in	 Chapter	 3,	 increasing	management	
should	 result	 in	 communities	 dominated	 by	 low-statured,	 fast-growing	 species	 that	
produce	recalcitrant	leaf	litter	(see	section	3.4.3	in	Chapter	3),	which	will	consequently	lead	
to	 low	 decomposition	 rates	 and	 high	 soil	 C	 retention.	 Therefore,	 I	 expected	 the	
management	variable	to	have	a	negative	effect	on	plant	vegetative	height	and	a	positive	
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Considering	 the	 modulating	 effects	 of	 plant	 traits	 on	 ecosystem	 processes,	
increased	plant	 size	was	hypothesised	 to	 lead	 to	 reduced	 soil	 C	 and	N	 stocks	 (negative	
effects;	V)	through	higher	input	of	relatively	fast-decomposing	plant	litter	from	trees	and	






















effects	 that	 changing	water	 regime	will	 have	on	 the	 vegetation,	 given	 the	 considerable	








the	 positive	 effect	 of	management	 on	 soil	 N	 stock	 expected	 in	Model	 a	 (III)	was	 again	
hypothesised.	Moreover,	water	table	height	should	have	a	negative	impact	on	soil	N	(X)	
due	 to	 reduced	 microbial	 mineralisation	 of	 plant	 litter.	 Given	 the	 positive	 effect	 of	
management	 on	 plant	 biomass	 recently	 reported	 by	 Minden	 et	 al.	 (2016),	 I	 expected	





Considering	 the	 effects	 of	 plant	 traits,	 I	 hypothesised	 a	 negative	 relationship	
between	leaf	δ13C	and	leaf	N	(XIII).	The	opposite	response	to	disturbance	of	these	two	leaf	
traits	 (Fig.	 3.3d	 and	 f,	 Chapter	 3)	 suggests	 that	 graminoid	 species	 tend	 to	 produce	 N-
impoverished	but	 13C-enriched	 leaves	under	disturbance.	 In	addition,	 there	 should	be	a	
positive	association	between	leaf	δ13C	and	live	AGB	(XIV),	based	on	the	positive	relationship	
between	highly	managed	sites	with	relatively	high	proportions	of	live	biomass	(Appendix	




















tool	 to	 analyse	 ecological	 networks	 with	multiple	 variables	 (Grace	 and	 Pugesek,	 1997;	
Minden	and	Kleyer,	2011;	Lavorel	and	Grigulis,	2012).	It	is	particularly	useful	for	partitioning	
direct	 and	 indirect	 relationships	 between	 observed	 variables	 of	 hypothesised	 models	
through	 the	use	of	path	analysis	 (Sokal	and	Rohlf,	2012).	Path	analysis	uses	 correlation	






where	 cause-and-effect	 relationships	 are	 depicted	 by	 straight,	 single-headed	 arrows	

























correlations	and	 regression	weights	between	 two	variables	 (Grace,	2006).	 Path	analysis	
starts	with	an	initial	conceptual	model	based	on	a	priori	knowledge	of	the	functioning	of	









evaluate	model	 fit,	and	 indicate	the	proportion	of	 improvement	of	the	overall	 fit	of	the	
model	 relative	 to	 the	 independence	model	 (where	 all	 correlations	 among	 variables	 are	
Name	in	model Unit No.	of	plots	with	data	available Sites	where	data	available
Environmental	Variables
Management	intensity Management Categorical	(0	to	4) 136 Upton	&	Woodwalton
Mean	water	table	height Water_table m 68 Woodwalton
Soil	δ15 N Soil_d15N per	mil	(‰) 136 Upton	&	Woodwalton
Plant	traits	(CWMs)
Plant	vegetative	height CWM_Size cm 136 Upton	&	Woodwalton
Leaf	N	content CWM_leaf_N per	mil	(‰) 136 Upton	&	Woodwalton
Leaf	δ13 C CWM_leaf_d13C per	mil	(‰) 136 Upton	&	Woodwalton
Ecosystem	processes
Soil	C	storage Soil_C g	cm-2 136 Upton	&	Woodwalton
Soil	N	storage Soil_N g	cm-2 136 Upton	&	Woodwalton
Plant	litter	annual	production	rate Litter t	ha-1 	a-1 68 Woodwalton
Aboveground	biomass	(live) AGB_live t	ha-1 51 Woodwalton	(herb-dominated	communities)
Aboveground	biomass	(dead) AGB_dead t	ha-1 51 Woodwalton	(herb-dominated	communities)
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zero).	Values	close	to	1	are	generally	considered	to	indicate	a	good	fit,	and	should	ideally	
be	 >	 0.9	 (Byrne,	 2010).	 The	 RMSEA	 (root	 mean	 square	 error	 of	 approximation)	 index	
evaluates	the	extent	to	which	a	model	fails	to	fit	the	data	per	degree	of	freedom,	and	tends	
to	favour	more	complex	models	(Browne	and	Cudeck,	1993).	It	is	considered	to	indicate	a	
poor	 fit	 if	 it	 is	>	0.1,	but	 should	 ideally	be	<	0.05	 (Byrne,	2010).	Therefore,	good	 fitting	
models	have	relatively	low	c2,	p	>	0.05,	c2/df	<	2,	NFI	and	CFI	>	0.9	and	RMSEA	<	0.05	(or	
at	least	<	0.1).	
Once	 ecologically	 meaningful	 models	 of	 the	 system	 in	 question	 have	 been	
identified,	 they	 can	 be	 tested	 against	 the	 aforementioned	 goodness-of-fit	 indices	 to	
determine	their	statistical	feasibility.	Here,	I	adopted	a	similar	approach	to	recent	studies	
(Minden	and	Kleyer,	2011;	Lavorel	and	Grigulis,	2012)	in	adapting	the	hypothetical	models	




model	 fit	 where	 needed,	 as	 long	 as	 the	 addition	 was	 theoretically	 justified.	 Akaike’s	











The	hypothesised	 full	model	was	not	well	 supported	by	 the	observed	data	 (c2	=	
23.776,	df	=	3,	p	<	0.001,	c2/df	=	7.925,	NFI	=	0.975,	CFI	=	0.977,	RMSEA	=	0.226,	AIC	=	
71.776).	However,	removing	the	log10-transformed	plant	size	variable	from	the	model	and	




Fig.	 4.2:	 Final	 models	 derived	 from	 hypothesised	 models	 in	 Fig.	 4.1.	 Path	 coefficients	
between	variables	are	standardised	partial	regression	coefficients	of	direct	effects.	Arrow	
widths	 are	proportional	 to	 the	 standardised	path	 coefficient	 (see	 legend).	 Black	 arrows	
indicate	positive	associations,	while	grey	ones	denote	negative	associations.	Numbers	on	
































Both	 environmental	 variables	 had	 a	 significant	 direct	 effect	 on	 soil	 N	 storage.	
Adding	the	direct	negative	effect	of	leaf	δ13C,	they	explained	half	of	the	total	variance	in	
soil	N	(Fig.	4.2a).	Management	again	showed	the	strongest	(positive)	effect,	while	soil	δ15N	











=	 1.478,	 NFI	 =	 0.936,	 CFI	 =	 0.977,	 RMSEA	 =	 0.098,	 AIC	 =	 99.650).	 Removing	 the	 non-

















variable	 Coefficient	 p	value	 	 Coefficient	 p	value	
	
a)	Upton	&	Woodwalton	
Management	 CWM_leaf_d13C	 0.807	 <0.001	 	 0.807	 <0.001	
Management	 CWM_Size	 -0.799	 <0.001	 	 -	 -	
Management	 Soil_N	 0.549	 <0.001	 	 0.849	 <0.001	
Soil_d15N	 CWM_leaf_d13C	 -0.114	 0.028	 	 -0.114	 0.028	
Soil_d15N	 CWM_Size	 -0.159	 <0.001	 	 -	 -	
Soil_d15N	 Soil_N	 0.310	 <0.001	 	 0.338	 <0.001	
CWM_leaf_d13C	 Soil_N	 -0.810	 <0.001	 	 -0.886	 <0.001	
CWM_leaf_d13C	 Soil_C	 0.004	 0.828	 	 -	 -	
CWM_Size	 Soil_N	 -0.305	 0.006	 	 -	 -	
CWM_Size	 Soil_C	 0.009	 0.665	 	 -	 -	
Soil_N	 Soil_C	 0.991	 <0.001	 	 0.988	 <0.001	
	
b)	Woodwalton	(herb-dominated	communities)	
Management	 CWM_leaf_d13C	 0.479	 <0.001	 	 0.479	 <0.001	
Management	 CWM_leaf_N	 -0.351	 <0.001	 	 -0.351	 <0.001	
Management	 AGB_live	 0.696	 <0.001	 	 0.712	 <0.001	
Management	 AGB_dead	 -0.760	 <0.001	 	 -0.759	 <0.001	
Management	 Soil_N	 0.399	 0.014	 	 0.399	 0.014	
Water_table	 CWM_leaf_d13C	 0.223	 0.068	 	 0.223	 0.068	
Water_table	 CWM_leaf_N	 -0.266	 0.001	 	 -0.266	 0.001	
Water_table	 AGB_live	 0.071	 0.640	 	 -	 -	
Water_table	 AGB_dead	 0.327	 0.002	 	 0.320	 0.002	
Water_table	 Soil_N	 -0.232	 0.073	 	 -0.232	 0.074	
CWM_leaf_d13C	 CWM_leaf_N	 -0.440	 <0.001	 	 -0.440	 <0.001	
CWM_leaf_d13C	 AGB_live	 -0.309	 0.070	 	 -0.289	 0.081	
CWM_leaf_d13C	 AGB_dead	 0.292	 0.022	 	 0.295	 0.021	
CWM_leaf_N	 AGB_dead	 0.487	 0.003	 	 0.488	 0.003	
AGB_live	 Litter	 -0.469	 <0.001	 	 -0.470	 <0.001	
AGB_dead	 Litter	 0.434	 <0.001	 	 0.430	 <0.001	
Litter	 Soil_N	 -0.212	 0.164	 	 -0.212	 0.164	
Litter	 Soil_C	 0.058	 0.122	 	 0.058	 0.123	






=	 0.363),	 perhaps	 due	 to	 the	 relatively	 homogeneous	 water	 level	 within	 the	 herb-
dominated	plots.	Overall,	management	showed	higher	effect	sizes	on	plant	traits	(leaf	δ13C	
and	leaf	N)	and	ecosystem	processes	(live	and	dead	AGB	and	soil	N)	than	water	table	height.	















amount	 of	 aboveground	 biomass	 present	 (Fig.	 4.2b),	 with	 live	 and	 dead	 AGB	 showing	
moderate	negative	and	positive	effects	on	 litter	production	 respectively	 (i.e.,	 sites	with	
higher	 dead	 AGB	 also	 produced	 higher	 amounts	 of	 litter	 on	 an	 annual	 basis).	 Litter	
production	had	no	significant	direct	impact	on	either	soil	N	and	soil	C	storage.	Management	








processes	 in	 lowland	 fens	 is	a	crucial	 first	 step	 in	understanding	ecosystem	functioning,	
particularly	 to	 better	 inform	 conservation	 policies	 aimed	 at	 increasing	 biodiversity	 and	
reducing	 carbon	 loss	 from	 long-term	 deposits.	 This	 type	 of	 study	 should	 thus	 be	 of	
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accounted	 for	 the	 majority	 of	 the	 variability	 seen	 in	 ecosystem	 processes,	 especially	
aboveground	 biomass	 and	 soil	 N.	 These	 results	 thus	 suggest	 that	 plant	 traits,	 such	 as	






(LLS)	between	co-occurring	 species	within	a	community,	which	 seems	 to	occur	 in	many	






Despite	 that,	 both	 models	 confirmed	my	 hypotheses	 of	 plant	 function	 strongly	
responding	to	changes	in	environmental	conditions	and	anthropogenic	disturbance,	with	
the	 intensity	 of	 management	 explaining	 the	 largest	 share	 of	 plant	 trait	 variability.	
Moreover,	 by	 responding	 to	 management	 practices,	 plant	 trait	 diversity	 has,	 to	 some	
extent,	contributed	to	explaining	the	variability	 in	ecosystem	processes,	particularly	 leaf	












It	 can	 be	 argued	 that	 goodness-of-fit	measures	 accepting	multivariate	 statistical	
tests	of	complex	hypothesised	models	do	not	necessarily	provide	strong	support	for	a	given	
model,	especially	considering	that	other	untested	models	may	be	at	least	as	good.	As	stated	
in	 section	 4.3,	 they	 only	 show	 that	 the	 hypothesised	models	 of	 the	 system	 cannot	 be	
rejected.	However,	the	use	of	path	analysis	and	structural	equation	modelling	were	shown	
to	be	useful	multivariate	tools	to	broadly	analyse	complex	relationships	between	different	








unexpected,	 especially	 given	 the	 range	 of	 plant	 height	 variation	 between	 woody	 and	






























has	 been	 found	 to	 mitigate	 N	 losses	 through	 its	 effect	 on	 vegetation	 types	 and	 soil	
properties,	by	reducing	soil	moisture	content	and	 increasing	soil	 temperature	(Lu	et	al.,	
2015).	
The	 weak	 to	 moderate	 positive	 effect	 of	 soil	 fertility	 on	 soil	 N	 stock	 was	 also	
expected	 (IV)	 due	 to	 higher	microbial	 activity	 and	 hence	 N	mineralisation	 rates	 under	




by	 regulating	 leaf	 litter	 quality.	 Leaf	 δ13C	 signals	 may	 reflect	 altered	 C:N	 allocation	 to	
carboxylation	and	leaf	structure	(Seibt	et	al.,	2008),	leading	to	reduced	leaf	N	concentration	
under	 increased	 δ13C	 and	 thus	 affecting	 litter	 decomposability	 and	 N	 mineralisation.	
Finally,	following	my	expectation	(VII)	soil	N	stock	was	strongly	positively	related	to	soil	C	
stock.	 The	 biogeochemical	 cycles	 of	 C	 and	N	 are	 tightly	 coupled.	 The	 limiting	 effect	 of	
nitrogen	 usually	 present	 in	many	 ecosystems	 causes	 carbon	 uptake	 and	 storage	 to	 be	




words,	 high	 N	 requirements	 during	 photosynthesis	 means	 that	 increases	 in	 primary	
production	 are	 dependent	 on	 the	 availability	 of	 N	 to	 fuel	 increased	 photosynthetic	 C	























for	 this	 result	 is	 the	 prevalence	 of	 dead	 over	 live	 AGB	 in	 the	 unmanaged	 glades	 and	
Phragmites	fen	communities	(Appendix	6).	The	height	of	the	water	table	did	not	have	any	
significant	 impact	 on	 live	 AGB	 (Table	 4.2b),	 though	 it	 was	 moderately	 and	 positively	
associated	with	dead	AGB,	partly	meeting	one	of	my	expectations	 (XII).	This	may	be	an	





Most	 of	 my	 expectations	 regarding	 the	 effects	 of	 plant	 traits	 on	 ecosystem	
processes	were	not	met,	possibly	because	of	the	choice	of	traits	used	in	the	models	(see	
section	4.5	below)	or,	as	discussed	above,	the	potentially	 low	variability	 in	 leaf	 life	span	
within	 herbaceous	 and	 woody	 deciduous	 communities	 (Funk	 and	 Cornwell,	 2013).	
However,	the	expected	negative	relationship	between	leaf	δ13C	and	leaf	N	(XIII)	might	be	
reflecting	an	increased	net	influx	of	carbohydrates	relative	to	growth-related	influx	of	N	in	












addition,	 past	 studies	 have	 also	 found	 a	 negative	 relationship	 between	 isotope	
discrimination	 in	 leaves	 and	 aboveground	 dry	 mass	 (Wright	 et	 al.,	 1988),	 though	 the	
reasons	for	that	still	seem	to	be	unclear.	
Live	 and	 dead	 AGB	 contributed	 negatively	 and	 positively	 to	 litter	 input	 rates	
respectively,	 as	 would	 be	 expected	 of	 senescing	 standing	 biomass	 contributing	 larger	
amounts	of	 litter	 than	recently	cut	vegetation	 (XVII).	The	amount	of	 litter	 input,	on	the	
other	hand,	did	not	significantly	affect	soil	C	and	N	stocks	(Table	4.2b)	as	expected	(XVIII),	







among	 ecosystem	 components	 in	 the	 lowland	 fens	 studied.	 However,	 they	 are	 not	
intended	 as	 full	 descriptions	 of	 ecosystem	 functioning,	 since	 potentially	 important	
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feedbacks	 from	 biogeochemical	 cycles	 and	 the	 biotic	 component	 on	 environmental	
variables	were	not	depicted.	In	fact,	changing	plant	functional	composition	and	life	forms	
have	been	reported	to	stimulate	a	 lowering	of	the	water	table	by	 increasing	the	rate	of	
evapotranspiration	 and	 affect	 the	 amount	 of	 precipitation	 that	 reaches	 the	 surface	
(Rietkerk	 et	 al.,	 2004;	 Eppinga	 et	 al.,	 2009).	 Therefore,	 the	 relative	 abundances	 of	
Sphagnum	and	vascular	plant	species	must	be	crucial	in	the	regulation	of	the	water	table	
depth	in	fens,	which	has	been	repeatedly	shown	to	be	very	important	for	overall	carbon	
balance	 in	 wet	 habitats	 (Funk	 et	 al.,	 1994;	 Shaver	 et	 al.,	 1998;	 Freeman	 et	 al.,	 2004;	
Bardgett	et	al.,	2008).	






of	 belowground	 traits	 on	 ecosystem	 processes,	 and	 how	 they	 respond	 to	 changing	
environmental	 factors,	 would	 be	 a	 promising	 development	 on	 the	 current	 study.	 It	 is	
possible	that	this	was	a	limitation	of	the	analyses	presented	here,	since	aboveground	and	
belowground	 linkages	 are	 now	 recognised	 to	 be	 crucial	 in	 understanding	 ecosystem	
dynamics	 (Bardgett	 and	 Wardle,	 2010).	 Further	 studies	 should	 therefore	 attempt	 to	
investigate	not	only	the	role	of	belowground	organs,	but	the	interactions	between	above-	
and	 belowground	 traits,	 abiotic	 factors	 and	 soil	microbial	 communities	 (de	Vries	 et	 al.,	
2012).	Furthermore,	establishing	the	role	of	belowground	communities	and	processes	is	
vital	 in	understanding	 the	effects	of	 climate	 change	on	 carbon	dynamics	 in	 ecosystems	
(Bardgett	et	al.,	2008).	
While	 these	 limitations	 are	 acknowledged,	 I	 believe	 they	 do	 not	 alter	 the	main	




ecosystem	 services,	 such	 as	 soil	 carbon	 storage	 for	 example,	 has	 been	 increasingly	
recognised	in	the	last	two	decades	(Costanza	et	al.,	1997;	Costanza	et	al.,	2011),	making	
the	 present	 study	 a	 valuable	 tool	 in	 informing	 conservation	 policies.	 It	 is	 believed	 that	
peatlands	in	the	UK	continue	to	act	as	a	long-term	sink	for	carbon	(Billett	et	al.,	2010),	but	
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continuous	 monitoring	 of	 the	 potential	 source-sink	 status	 of	 peatlands	 is	 key	 in	
accompanying	the	analyses	presented	here,	in	order	to	understand	the	drivers	of	carbon	
loss	 and	 uptake	 in	 peatlands.	 In	 addition,	 peatlands	 are	 under	 constantly	 changing	














































and	 resulting	 in	greater	 than	expected	divergence	or	 convergence	of	 species	 functional	
traits.	 These	 processes,	 commonly	 referred	 to	 as	 niche-based	processes	 (Weiher	 et	 al.,	
2011),	are	thought	to	impose	constraints	on	species	coexistence	(Weiher	and	Keddy,	1999)	
and	can	potentially	be	used	to	predict	community	structure	(Weiher	and	Keddy,	1995b).	
However,	 there	 has	 been	 contradictory	 evidence	 for	 the	 existence	 of	 non-random	
community	 processes	 over	 the	 past	 three	 decades	 (Gotelli	 and	 McCabe,	 2002;	
Götzenberger	et	al.,	2012),	resulting	in	persistent	questions	about	the	ecological	processes	
that	 drive	 community	 assembly.	 The	 main	 argument	 surrounding	 this	 debate	 can	 be	
distilled	 down	 to	 the	 question	 of	 whether	 niche-based	 (deterministic)	 or	 neutral	
(stochastic)	processes	provide	better	explanations	for	species	coexistence,	and	therefore	
community	 assembly	 (Callaway,	 1997;	 Gaston	 and	 Chown,	 2005;	 Weiher	 et	 al.,	 2011;	
Fridley,	2013).	
Arguments	 supporting	niche-based,	 deterministic	 processes	 assume	 that	 species	
presence	 and	 abundances	 are	 determined	 by	 their	 ecological	 niche	 breadth	 and	
adaptability	of	their	functional	traits	(Clements,	1916;	Hardin,	1960;	MacArthur	and	Levins,	
1967;	Zobel,	1997).	The	hypothesis	of	limiting	similarity	asserts	that	species’	niche	breadth	
can	 predict	whether	 they	 occupy	 or	 invade	 empty	 niche	 space	 (MacArthur	 and	 Levins,	





exploit	 the	 same	 resource	 pool	 without	 interfering	 with	 each	 other’s	 abundances.	
Alternatively,	the	hypothesis	of	habitat	filtering	predicts	a	convergence	of	morphological	
traits	and	species	strategies	in	functional	niche	space	due	to	common	traits	adapted	to	the	






coexist	 via	 niche	differentiation	 (Villeger	 et	 al.,	 2008).	 Thus,	 niche	 assembly	 focuses	on	
stabilising	mechanisms,	 such	 as	 niche	 partitioning,	 and	 abiotic	 filters	 regulating	 species	
recruitment.	
The	early	individualistic	approach	of	Gleason	(1926),	on	the	other	hand,	argued	that	
community	 patterns	 depended	 solely	 on	 species’	 individual	 migration	 behaviour	 and	
environmental	 requirements,	 irrespective	 of	 associational	 affiliations	 and	 biotic	
constraints.	More	recently,	the	wide-ranging	neutral	theory	of	Hubbell	(2001)	contended	
that	 communities	 are	 assembled	 via	 trait-neutral,	 stochastic	 factors	 like	 species’	 arrival	
sequence	and	their	dispersal	ability.	Neutral	assembly	theory	(Hubbell,	2001)	suggests	that	




regional	 scales	 (Gaston	 and	 Chown,	 2005),	 with	 species	 dispersal	 abilities	 and	 arrival	
sequence	 taking	 a	 central	 role	 in	 structuring	 ecological	 communities	 (Robinson	 and	
Dickerson,	1987).	Therefore,	demographic	stochastic	models	should	enable	us	to	predict	
species	 relative	abundances	under	 random	dispersal	and	speciation.	Neutral	 theory	has	
provided	 an	 alternative	 view	 to	 niche-based	 models	 (Weiher	 et	 al.,	 2011)	 and	 has	






to	 disentangle	 the	 role	 of	 stochastic	 and	 deterministic	 processes	 acting	 on	 observed	
patterns	of	species	functional	diversity	and	composition.	Trait-neutral	processes	may	be	
inferred	by	organising	species	randomly	in	functional	space	using	traits	that	are	perceived	
as	 important,	 with	 non-random	 distributions	 revealing	 filtering	 processes	 that	 shape	
community	functional	composition	in	a	characteristic	way	(Grime,	2006).	The	presence	of	
stochastic	influences	on	niche-based	assembly	(Weiher	et	al.,	2011)	and	the	simultaneous	
interaction	 of	 opposing	 assembly	 processes	 (Mason	 et	 al.,	 2011)	 make	 such	 studies	
valuable	tools	in	defining	the	functional	patterns	of	field	plant	communities.	
Wetlands	may	 provide	 an	 excellent	model	 system	 for	 this	 type	 of	 investigation,	
since	 physical	 and	 chemical	 factors	 guide	 and	 constrain	 biological	 communities	 and	
ecological	processes	that	occur	within	them	(Mitsch	and	Gosselink,	2015).	Moreover,	they	
experience	changing	levels	of	nutrient	supply	and	waterlogged	conditions	throughout	the	
year	 (Wheeler,	1980a).	 It	 is	believed	 that	constantly	changing	conditions	determine	 the	
ecological	 attributes	 of	 fen	 vegetation	 (Keddy,	 2010),	 imposing	 controls	 on	 their	
composition	and	leading	to	a	common	set	of	organismal	functional	traits.	Nonetheless,	fens	
generally	 reveal	 high	 levels	 of	 biodiversity	 (Wheeler	 and	 Shaw,	 1995)	 and	 are	 hence	
suitable	 habitats	 for	 community	 ecology	 studies,	 particularly	 given	 the	 multitude	 of	
environmental	 and	 anthropogenic	 factors	 that	 act	 on	 the	 range	 of	 plant	 communities	
present.	
Protected	 fens	 in	 the	UK	are	commonly	 subjected	 to	diverse	 types	and	 levels	of	
management	 (Wheeler	 and	 Shaw,	 1995).	 The	 effects	 of	 management	 on	 community	
assembly	processes	 in	wetland	habitats	have	seldom	featured	 in	 the	 literature	 (but	 see	
Weiher	and	Keddy,	1995a;	Pakeman,	2011	and	Pakeman	et	al.,	2011),	despite	the	fact	that	
an	understanding	of	community	processes	can	be	useful	in	the	management	of	natural	and	
semi-natural	 communities	 (Morin,	 2011).	 For	 instance,	 different	mowing	 regimes	 have	
been	 shown	 to	 have	 positive	 and	 negative	 effects	 on	 species	 richness	 in	 different	 fen	
vegetation	 types	 (Wheeler	 and	 Shaw,	 1995).	 Similarly,	 vegetative	 functional	 traits	 in	
grassland	communities	also	seem	to	respond	strongly	to	mowing	treatments	(Mason	et	al.,	
2011),	with	trait	divergence	(limiting	similarity)	and	convergence	(habitat	filtering)	said	to	
alternate	 along	 disturbance	 intensity	 gradients	 (Laliberté	 et	 al.,	 2013).	 Nevertheless,	
questions	 remain	 as	 to	 the	 effects	 of	 management	 on	 species	 trait	 convergence	 and	
divergence.	 For	 instance,	 would	 increasing	 levels	 of	 disturbance	 limit	 aboveground	
competition	 (and	 thus	 trait	 divergence)	 and	 lead	 to	 stronger	 trait	 convergence	 among	
species?	
	 96	
The	 importance	 of	 vegetation	 management	 in	 preventing	 the	 process	 of	
replacement	of	herbaceous	fen	by	fen	carr	is	well	known	(Wheeler	and	Shaw,	1995),	but	
the	 relative	 importance	 of	 neutral	 and	 niche	 processes	 during	 succession	 is	 poorly	
understood	(Schleicher	et	al.,	2011).	It	is	thought	that	species	tolerance	to	stress	and	their	
competitive	 abilities	will	 shift	 from	 early	 to	 late	 stages	 of	 succession	 (Schleicher	 et	 al.,	
2011).	 For	 instance,	 environmental	 stress	 at	 early	 stages	 of	 succession	 may	 lead	 to	 a	
convergence	of	stress	tolerance	traits	(vegetative	height,	leaf	nutritional	content)	that	are	
adapted	to	cope	with	this	set	of	conditions	(Weiher	and	Keddy,	1995b).	Such	a	scenario	is	
likely	 to	 result	 in	 strong	habitat	 filtering	patterns	 seen	 in	 the	 functional	 composition	of	
pioneer	plant	communities.	Conversely,	competition	among	species	becomes	stronger	as	
succession	progresses	and	denser	canopies	develop	(Weiher	and	Keddy,	1999).	This	tends	





How	 environmental	 stress,	management	 disturbance	 and	 biological	 competition	
shape	community	assembly	during	succession	are	 important	questions.	Recent	research	
suggests	that	questions	of	interest	should	focus	on	whether	stochastic	and	deterministic	
processes	 alternate	 across	 gradients	 of	 changing	 environmental	 conditions,	 or	 if	 they	
operate	concurrently	within	communities	and	successional	stages	(Sutherland	et	al.,	2013).	
Current	consensus	indicates	that	neutral	and	niche	processes	may	operate	simultaneously	
in	 the	 assembly	 of	 plant	 communities	 (Fukami	 et	 al.,	 2005;	 Leibold	 and	McPeek,	 2006;	
Kembel,	2009;	Vergnon	et	al.,	2009).	Therefore,	comparing	observed	functional	diversity	
patterns	 with	 random	 expectations	 should	 allow	 for	 the	 evaluation	 of	 the	 relative	
contribution	 of	 trait-driven	 versus	 trait-neutral	 assembly	 processes,	 and	 of	 the	
simultaneous	interactions	between	them.	
In	 order	 to	 address	 these	 questions,	 I	 use	 orthogonal	 functional	 trait	 axes	 of	
vascular	 plant	 species	 (see	 Table	 2.4	 in	 section	 2.4.2	 in	 Chapter	 2)	 and	 null	models	 to	
examine	 whether	 observed	 functional	 diversity	 patterns	 of	 managed	 and	 unmanaged	
herbaceous	 and	 woodland	 lowland	 fen	 communities	 significantly	 depart	 from	 random	
expectations	to	resemble	niche-driven	(limiting	similarity	and	habitat	filtering)	processes.	
Trait	convergence	and	divergence	denote	that	the	functional	diversity	of	an	assemblage	











carr,	 dominated	 by	 woodland	 and	 shrub	 communities.	 The	 effects	 of	 the	 successional	
gradient	on	the	relative	importance	of	neutral	and	niche	processes	are	determined	with	an	
index	of	variance	(IV)	that	compares	the	observed	and	expected	FDs.	Thirdly,	I	overlay	the	
different	 levels	 of	 management	 intensity	 (Chapter	 2,	 section	 2.4.1)	 on	 the	 derived	




Considering	 that	 the	early	herbaceous	 stages	of	 succession	 currently	 experience	
management	intervention	(see	Table	5.1	in	the	Methods	section	below),	I	expect	results	to	
show	 the	 following	 observed	 functional	 diversity	 patterns:	 (I)	 convergence	 (habitat	
filtering)	in	traits	related	to	productivity	(height	and	leaf	size	and	nutrient	traits)	during	the	
initial	stages	of	succession	(herbaceous	fens)	as	a	direct	result	of	management	practices	
and	 the	 trait-convergence	 effect	 disturbance	 stress	 may	 induce	 (Weiher	 and	 Keddy,	
1995b);	 (II)	 divergence	 (limiting	 similarity)	 in	 traits	 at	 the	 more	 advanced	 stages	 of	
succession	 as	 denser	 canopies	 develop	 (Weiher	 and	 Keddy,	 1999),	 since	 species	 in	 the	



















al.,	 2005).	 A	 total	 of	 284	 surveyed	 plots	 were	 thus	 considered	 for	 these	 analyses.	
Vegetation	 composition	 at	 Calthorpe	 and	Wheatfen	was	 determined	 in	 the	 summer	 of	
2001	using	similar	methods	to	the	ones	described	in	Chapter	2	(section	2.2.1).	A	total	of	
178	 vascular	 plant	 species	 were	 present	 across	 the	 four	 fen	 sites,	 of	 which	 150	 were	
encountered	during	the	surveys.	A	pool	of	65	species	with	functional	trait	measurements	
were	 used	 for	 data	 analysis,	 including	 the	 64	 species	 encountered	 in	 Upton	 and	




trait	 axes	 are	 thought	 to	 maximise	 the	 ability	 to	 understand	 community	 assembly	







of	 random	 assemblies	 generated	 using	 a	 null	model	 approach.	 For	 each	 field	 plot,	 the	
random	 simulations	 generated	 null	 distributions	 by	 randomly	 selecting,	 without	
replacement,	 species	 from	 the	 pool	 of	 65	 species,	 irrespective	 of	 their	 position	 in	 trait	
space.	The	null	model	thus	considered	that	all	species	(and	all	trait	values)	had	an	equal	




















composition	 and	 were	 placed	 on	 a	 wetter-to-drier	 scale	 following	 species	 clustering	
methods.	Counts	of	the	150	species	encountered	were	converted	into	relative	abundances	
per	site	(site	profiles)	using	the	chord	transformation	(Euclidean	distance	computed	on	site	
vectors	 normalised	 to	 length	 1).	 This	 type	of	 ‘double’	 transformation	 allows	 the	use	of	
standard	 linear	methods	 of	 analysis	with	 species	 data,	 and	preserves	 the	 asymmetrical	
distances	 among	 sites	 (Legendre	 and	 Gallagher,	 2001;	 Borcard	 et	 al.,	 2011).	 UPGMA	














communities	 dominated	 by	 tall	 monocotyledons	 (grasses,	 sedges	 and	 rushes).	 The	
reedswamp	 in	 Upton	 forms	 the	 ‘reedswamp’	 stage	 (wettest).	 The	 Cladium	 and	 Juncus	












































































































































































































































































































































































































































































































































































































































































































































































































































the	 management	 intensity	 that	 the	 field	 communities	 are	 currently	 under	 (Chapter	 2,	











commonly	 used	 metrics,	 such	 as	 the	 Functional	 Richness	 (FRic),	 Evenness	 (FEve)	 and	
Divergence	(FDiv)	of	Villeger	et	al.	(2008),	particularly	in	the	context	of	the	current	analyses.	
As	discussed	in	Chapter	3	(section	3.2.1),	the	resulting	functional	diversity	of	a	plot	cannot	


























expected	 (simulated)	 functional	 diversity	 (FD),	 with	 values	 farther	 from	 zero	 indicating	






































functional	 diversity	 than	 expected	 by	 chance	 and	 thus	 habitat	 filtering,	 while	mean	 IV	
values	significantly	higher	than	zero	denote	higher	functional	diversity	than	expected	under	



























5.3),	 in	 both	 multivariate	 (Fig.	 5.3a)	 and	 univariate	 (Fig.	 5.3b	 to	 d)	 functional	 space,	







Fig.	 5.3:	 Plot-level	 IV	 values	 (faded	 colours),	 categorised	 by	 herbaceous	 and	 wooded	
communities.	The	means	of	each	category	are	highlighted.	Error	bars	around	the	means	































































































































(Fig.	 5.5a	 and	b)	 revealed	 a	decrease	 in	observed	 functional	 diversity	 from	unmanaged	
woodlands	 to	 managed	 herb	 fens,	 but	 an	 increasing	 trend	 in	 FD	 with	 increasing	
management	 intensity	 among	 the	 disturbed	 herbaceous	 sites.	 However,	 all	 managed	
categories	exhibited	functional	diversity	patterns	associated	with	strong	filtering	effects	in	


























Fig.	 5.5:	 Plot-level	 IV	 values	 (faded	 colours),	 categorised	by	management	 intensity	 (see	
legend).	The	means	of	each	category	are	highlighted.	Error	bars	around	the	means	are	95%	
confidence	intervals	of	the	t	distribution.	The	x	axes	are	arranged	from	left	to	right	along	a	
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even	 throughout	 the	 successional	 stages	 (Fig.	 5.6b1),	 though	 the	 wet	 woods	 showed	




leaf	N	content	 from	wetter	 to	drier	herb-fen	 sites,	with	 the	Molinia-sedge	 showing	 the	
lowest	mean	 leaf	N	concentration	of	all	stages	(Fig.	5.6b2;	p	<	0.05,	LSD	analysis).	That,	
coupled	with	one	of	the	highest	mean	leaf	δ13C	(Fig.	5.6b3;	p	<	0.05,	LSD	analysis),	suggests	
the	 intensive	management	regime	the	Molinia-sedge	 is	subjected	to	has	resulted	 in	the	
filtering	out	of	 species	with	 relatively	high	 leaf	N	content	and	 low	water	use	efficiency.	
Accordingly,	there	was	a	significant	reduction	in	 leaf	δ13C	from	wetter	to	drier	stages	of	























Despite	 these	 somewhat	 diverse	 results	 emerging	 from	 the	 simultaneous	 and	
individual	use	of	different	trait	axes,	the	successional	gradient	revealed	a	broad	pattern	of	
shifting	 community	 functional	 composition	 from	 wetter-to-drier	 stages,	 or	 from	 herb-
dominated	 to	woody	communities.	Habitat	 filtering	processes	appeared	 to	be	 the	most	
important	assembly	mechanism	at	the	early	stages	of	succession	overall,	while	increasing	
competitive	 interactions	 among	 species	 seemed	 to	 exert	 stronger	 influence	 on	 the	
functional	structure	of	later	woody	stages.	The	functional	patterns	revealed	by	the	analysis	
therefore	mostly	met	the	expectations	previously	set	out.	Firstly,	the	observed	functional	
diversity	 of	 the	 initial,	 herb-dominated	 stages	 of	 succession	 were	 largely	 lower	 than	
expected	by	chance	(expectation	I).	The	moderate-to-intensive	levels	of	disturbance	seems	
to	 be	 the	main	 driver	 of	 filtering	 processes	 in	 these	 communities,	 confirming	 previous	
hypotheses	that	disturbance	stress	tends	to	favour	species	with	a	set	of	traits	adapted	to	
cope	 with	 such	 conditions	 (Weiher	 and	 Keddy,	 1995b).	 The	 strong	 trait	 convergence	
patterns	of	these	communities	reflected	the	predominance	of	low-statured,	thick-leaved	











sign	 of	 interspecific	 competition	 for	 resources	 (Stubbs	 and	 Wilson,	 2004;	 Schwilk	 and	
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Ackerly,	2005;	Götzenberger	et	al.,	2012).	The	mean	FD	of	the	wooded	communities	might	
thus	 be	 reflecting	 niche	 differentiation	 in	 light	 and	 resource	 capture	 strategies	 among	
species	 in	 the	 woody	 communities,	 such	 as	 distinct	 emergence	 times	 and	 leaf	 traits.	
Evidence	of	limiting	similarity	processes	has	also	been	demonstrated	in	a	number	of	other	
vegetation	 and	 habitat	 types,	 ranging	 from	 sand	 dunes	 (Stubbs	 and	Wilson,	 2004)	 and	
successional	riverbed	grasslands	(Holdaway	and	Sparrow,	2006)	in	New	Zealand,	to	dune	
slacks	 in	 Wales	 (Wilson	 and	 Gitay,	 1995)	 and	 experimental	 grassland	 communities	 in	
Central	 Europe	 (Mason	 et	al.,	 2011).	 Species	with	 similar	 functional	 characters	 in	 these	
communities	were	found	to	coexist	less	often	than	expected	by	chance.	
Thirdly,	both	neutral-	and	niche-based	processes	seem	to	be	alternating	(III)	along	
a	 successional	 development	 gradient	 in	 the	 leaf	 and	 nutrient	 axes,	 revealing	 the	 high	
variability	 in	 plant	 traits	 like	 SLA	 and	 leaf	 δ15N	 between	 monocot	 and	 dicot	 species	
(Appendix	 3).	 Finally,	 differences	 in	 mean	 functional	 composition	 between	 different	
successional	stages	was	confirmed	by	the	CWM	analyses,	with	the	herb	fens	being	mostly	
characterised	by	 species	producing	 recalcitrant	 leaves	with	 relatively	 low	 leaf	N	and,	 to	
some	extent,	 low	SLA	compared	to	the	wooded	sites,	but	with	high	 leaf	δ13C	(IV),	given	
their	potential	ability	to	recycle	13C-enriched	soil	respired	CO2	(Farquhar	et	al.,	1989).	
The	 present	 study	 contributes	 to	 answering	 questions	 pertinent	 to	 community	
assembly	 processes.	 Considering	 the	 functional	 attributes	 of	 species,	 rather	 than	 their	
taxonomic	 identity,	 assumes	 that	 communities	 are	 a	 result	 of	 biotic	 and	 abiotic	 filters,	
which	exclude	 those	phenotypes	without	 the	appropriate	attributes	 to	 respond	to	 local	
conditions	(Garnier	et	al.,	2016).	This	functional	approach	is	now	widely	considered	to	more	
accurately	explain	and	predict	community	assemblages	(Laughlin	et	al.,	2011;	Mason	and	
de	 Bello,	 2013;	 Laughlin,	 2014;	 Garnier	 et	 al.,	 2016),	 since	 measures	 that	 quantify	
functional	 diversity	 have	 the	 potential	 to	 reveal	 data	 structures	 that	 elucidate	 the	
processes	behind	species	coexistence,	and	to	show	the	relevance	of	functional	traits	for	
these	 processes	 (Mouchet	 et	 al.,	 2010).	Moreover,	 though	 using	 null	models	 has	 been	
suggested	to	provide	inadequate	means	to	disentangle	the	relative	importance	of	different	
community	assembly	processes	(van	der	Plas	et	al.,	2015),	the	importance	of	considering	
neutral	 patterns	 is	 still	 justified	 for	 they	 identify	 a	 set	 of	 structures	 that	 interact	 with	
mechanisms	of	niche	differentiation	(Leibold	and	McPeek,	2006).	For	instance,	Fukami	et	







of	 opposing	 assembly	 mechanisms	 taking	 place	 simultaneously	 across	 orthogonal	
functional	trait	axes.	Despite	multiple	recent	attempts	to	elucidate	the	concurrent	effects	
of	neutral	and	niche	processes	(Swenson	and	Enquist,	2009;	Mason	et	al.,	2011;	Laliberté	





used	 to	constrain	 the	 range	of	 trait	 values	used	 in	 the	 random	simulations,	which	gave	
credibility	 to	 the	artificial	 communities	 generated	using	different	niche	axes.	Using	 real	
data	rather	than	artificially	generated	data	thus	provides	a	promising	approach	in	detecting	
the	competing	assembly	processes	in	play.	In	addition,	this	study	showed	that	community	
assembly	 results	 are	 highly	 dependent	 on	 the	 choice	 of	 functional	 trait	 axes	 used,	 and	
whether	 they	 are	 used	 in	 conjunction	 or	 separately.	 This	may	 be	 related	 to	 Chesson's	
(2000)	proposition	that	coexistence	mechanisms	produce	density-dependent	interactions	
that	 change	 along	 environmental	 gradients,	 and	 that	 differences	 in	 species’	 responses	
along	these	gradients	are	what	promote	their	coexistence	(Leibold	and	McPeek,	2006).	I	



















and	 organic	 content	 in	 the	 substrata,	 and	 hence	 constantly	 changing	 belowground	
conditions.	Another	question	of	interest	stems	from	the	relative	functional	role	rare	and	




differentiation	 allow	 species	 coexistence.	 An	 important	 point	 to	 make	 is	 that	 the	
successional	sequence	used	here,	and	the	stages	these	plant	communities	are	currently	
found	at,	are	a	direct	consequence	of	past	and	present	management	practices.	Therefore,	
these	 analyses	 have	 arguably	 not	 revealed	 habitat	 filtering	 processes	 per	 se	 in	 the	
herbaceous	fen	communities	studied,	but	rather	a	management	filtering	exerting	strong	
controls	on	the	recruitment	of	species	and	functional	traits.	
The	 type	 of	 analysis	 presented	 here	 was	 previously	 lacking	 for	 protected	 fen	
habitats	 managed	 for	 conservation	 purposes,	 despite	 the	 ecological	 importance	 of	
understanding	 the	variability	of	community	assembly	processes	along	management	and	
successional	gradients	in	plant	communities.	Filling	this	gap	is	particularly	crucial	at	a	time	
























peatland	 flora	 through	 the	 preservation	 of	 pollen	 grains	 and	 spores.	 Under	 conducive	
conditions,	these	deposits	develop	in	a	stratified	sequence,	incorporating	pollen	into	the	
horizons	 as	 the	 peat	 accumulates	 (Waller,	 1994).	 Therefore,	 a	 vertical	 section	 through	
layers	of	peat	should	provide	samples	in	temporal	succession,	though	issues	with	sediment	
erosion	and	redeposition	need	to	be	considered	(Waller,	1994).	Pollen	analysis	can	thus	be	
used	 to	 reconstruct,	with	 some	accuracy,	 the	 local	 environment	during	periods	of	peat	
formation.	Generally,	pollen	assemblages	are	selected	to	provide	a	signal	of	the	regional	






























influential	 effects	 on	 ecosystem	 processes.	 To	 that	 end,	 Lacourse	 (2009)	 used	 pollen	
records	 from	 western	 Canada	 to	 determine	 relationships	 between	 species	 traits	 and	
environmental	conditions	over	long	ecological	timescales.	Significant	correlations	between	








related	 to	 the	 limitations	 normally	 associated	 with	 conventional	 pollen	 analysis	 (see	











The	 aim	 of	 this	 chapter	 is	 to	 demonstrate	 the	 potential	 for	 using	 fossil	 pollen	
records	to	reconstruct	the	functional	characteristics	of	past	fen	vegetation,	as	well	as	to	
discuss	 the	 possible	ways	 to	 overcome	 the	 limitations	 imposed	 by	 conventional	 pollen	
analysis	on	the	use	of	weighted	trait	means	to	characterise	pollen	assemblages	over	time	
and	to	potentially	 infer	past	environmental	conditions.	Fossil	pollen	data	available	 from	






Plant	 vegetative	 height	 (log10-transformed)	 and	 the	 nine	 leaf	 traits	 presented	 in	
Chapter	2	(see	Table	2.2	for	trait	descriptions)	were	used	to	characterise	the	mean	trait	
composition	of	contemporary	fen	plant	communities	and	of	modern	pollen	assemblages	
from	 apparently	 equivalent	 communities.	 However,	 the	 taxonomic	 resolution	 to	which	
pollen	can	be	 identified	 is	 limited,	 since	 it	 is	not	generally	possible	 to	 identify	pollen	 to	
species	level,	with	most	pollen	types	being	diagnostic	to	genus	and	family	levels	(e.g.	Salix,	
Potentilla-type,	Poaceae,	Cyperaceae).	 Therefore,	 it	 is	necessary	 to	map	pollen	 taxa	 (or	
‘types’,	with	several	species/genera	included)	to	the	species	recorded	in	the	contemporary	
vegetation.	The	pollen	types	are	then	the	‘palynological	equivalents’	of	the	vegetation.	The	
different	 pollen	 types	 recorded	 in	 the	 modern	 pollen	 assemblages	 from	 Upton	 and	
Woodwalton	were	thus	firstly	classified	as	palynological	equivalents	of	the	contemporary	
fen	vegetation	recorded	in	these	two	sites	(Chapter	2,	section	2.1	and	Appendix	1).	The	
palynological	 equivalent	 list,	 with	 the	 complete	 trait	 data	 measured	 from	 vegetation	
equivalent	species,	were	then	used	in	all	analyses	involving	the	pollen	data	(see	below).	
Secondly,	plot-level	community	weighted	means	(CWMs;	Chapter	2,	section	2.4.3)	of	plant	




















mostly	 Kindbergia	 praelonga,	 Brachythecium	 rutabulum,	 Calliergonella	 cuspidata	 and	
Rhytidiadelphus	squarrosus.	Mosses	were	collected	from	as	close	as	possible	to	the	centre	
point	of	the	sampling	plots	at	Upton	and	Woodwalton	(Chapter	2,	section	2.2)	at	the	end	
of	 the	 flowering	 season	 (September/October	 2012	 and	 2013,	 respectively).	 Samples	 of	




grains	 of	 land	 plants	 per	 plot	 had	 been	 achieved).	 The	 pollen	 data	 are	 expressed	 as	 a	
proportion	of	 land	pollen	 (a	 ‘pollen	 sum’	of	 total	 land	pollen	–	TLP),	with	 the	pollen	of	
obligate	aquatics	and	the	spores	of	Pteridophytes	added	to	the	sum	within	which	they	are	
expressed.	Modern	pollen	samples	were	collected	from	a	total	of	134	plots	(83	plots	from	
herbaceous	 and	 51	 from	 woody	 communities).	 Two	 plots	 in	 the	 Phragmites	 fen	 at	




The	 pollen	 taxa	 used	 in	 all	 analyses	 were	 the	 fen	 taxa	 with	 plant	 equivalents	
encountered	in	the	modern	vegetation	with	full	trait	data	available	(taxa	with	asterisks	in	
























Vegetation	species Code Site Palynological	equivalent1 Site Traits	used Code Site
- Abies U,	W -
- Picea U,	W -
- Pinus U,	W -
- Ulmus U,	W -
- Fagus	sylvatica U,	W -
- Castanea	sativa U -
Quercus	robur QR U,	W Quercus* U,	W Quercus	robur QR U,	W
Betula	pubescens BP U,	W Betula * U,	W Betula	pubescens BP U,	W
Alnus	glutinosa AG U,	W Alnus	glutinosa * U,	W Alnus	glutinosa AG U,	W
- Carpinus	betulus U,	W -
- Tilia U,	W -
- Taxus	baccata U,	W -
Ilex	aquifolium Ia U Ilex	aquifolium * U Ilex	aquifolium Ia U
Acer	pseudoplatanus AC U Acer U,	W -
Fraxinus	excelsior FE U Fraxinus	excelsior * U,	W Fraxinus	excelsior FE U
- Corylus	avellana -type U,	W -
Salix	caprea Sxcp U Salix* U,	W Salix	caprea Sxcp U
Salix	cinerea Sxcn U,	W Salix U,	W Salix	cinerea Sxcn U,	W
Salix	fragilis Sxf U Salix U,	W -
Salix	repens Sxr U Salix U,	W Salix	repens Sxr U
Crataegus	monogyna Cm U,	W Sorbus -type* U,	W Crataegus	monogyna Cm U,	W
Prunus	padus Ppa U Sorbus -type U,	W -
Sorbus	aucuparia SA U Sorbus -type U,	W -
- Cornus	sanguinea U -
Frangula	alnus Fa U Frangula	alnus * U,	W Frangula	alnus Fa U
Rhamnus	cathartica Rc W Rhamnus	cathartica U,	W Rhamnus	cathartica † Rc W
- Ligustrum	vulgare U,	W -
- Sambucus	nigra U,	W -
Viburnum	opulus Vo U Viburnum	opulus * U,	W Viburnum	opulus Vo U
Lonicera	periclymenum Lp U Lonicera	periclymenum * U,	W Lonicera	periclymenum Lp U
Hedera	helix Hh U Hedera	helix U,	W -
Calystegia	sepium Cs U,	W Calystegia * U Calystegia	sepium Cs U
- Convolvulus W -
Humulus	lupulus Hl U Humulus	lupulus * U,	W Humulus	lupulus Hl U






Vegetation	species Code Site Palynological	equivalent1 Site Traits	used Code Site
Tamus	communis 	‡ Tc U - -
- Caltha	palustris -type U -
Ranunculus	acris raa U,	W Ranunculus	acris -type* U,	W -
Ranunculus	ficaria rafi U Ranunculus	acris -type U,	W -
Ranunculus	flammula rafl W Ranunculus	acris -type U,	W Ranunculus	flammula rafl W
Ranunculus	repens rar U,	W Ranunculus	acris -type U,	W -
Thalictrum	flavum tf W Thalictrum U -
Ceratocapnos	claviculata 	‡ Cc U - Ceratocapnos	claviculata † Cc U
Urtica	dioica ud U,	W Urtica * U,	W Urtica	dioica ud U,	W
- Chenopodiaceae U,	W -
Myrica	gale Mg U Myrica	gale * U,	W Myrica	gale Mg U
Cerastium	fontanum cf W Caryophyllaceae	undiff.* U,	W -
Lychnis	flos-cuculi lfc W Caryophyllaceae	undiff. U,	W -
Moehringia	trinervia mot U,	W Caryophyllaceae	undiff. U,	W Moehringia	trinervia mot U,	W
Silene	dioica sid U Caryophyllaceae	undiff. U,	W -
Stellaria	media sm W Caryophyllaceae	undiff. U,	W -
Stellaria	palustris sp W Caryophyllaceae	undiff. U,	W -
Stellaria	uliginosa su U Caryophyllaceae	undiff. U,	W -
- Persicaria	maculosa -type U,	W -
- Polygonum U,	W -
- Rumex	acetosa U,	W -
Rumex	crispus rc W Rumex	obtusifolius -type U,	W -
Rumex	sanguineus rs W Rumex	sanguineus -type* U,	W Rumex	sanguineus rs W
Hypericum	tetrapterum ht U Hypericum	perforatum -type* U Hypericum	tetrapterum ht U
Viola	sp viola W Viola	palustris -type U,	W -
Cardamine	flexuosa cdf U Brassicaceae* U,	W -
Cardamine	pratensis cdp U,	W Brassicaceae U,	W Cardamine	pratensis cdp U,	W
Ribes	nigrum Rin U Ribes U,	W -
Ribes	rubrum Rir U,	W Ribes U,	W -
- Calluna	vulgaris U,	W -
Lysimachia	vulgaris lv U,	W Lysimachia	vulgaris -type* U,	W Lysimachia	vulgaris lv U,	W
- Chrysosplenium U -
Filipendula	ulmaria fu U,	W Filipendula * U,	W Filipendula	ulmaria fu U,	W
Rubus	fruticosus rf U,	W Rubus 	undiff.	(Rosaceae	undiff.)* U,	W Rubus	fruticosus rf U,	W
Potentilla	anserina poa W Potentilla -type U,	W -
Potentilla	erecta poe W Potentilla -type U,	W -
Potentilla	palustris pop U,	W Potentilla -type U,	W -
Geum	urbanum 	‡ geu U - -
Rosa	sp rosa U,	W Rosa U,	W -
- Rosaceae	undiff. U,	W -
Lotus	pedunculatus lop U,	W Lotus* U,	W Lotus	pedunculatus lop U,	W
- Fabaceae	undiff. U,	W -
Vicia	cracca Vc W Vicia	cracca 	(Fabaceae	undiff.)* W Vicia	cracca Vc W
- Vicia	sylvatica -type	(Fabaceae	undiff.) U,	W -
- Lathyrus 	(Fabaceae	undiff.) U -
Trifolium	repens tr W Trifolium -type	(Fabaceae	undiff.) W -
Lythrum	salicaria ls U,	W Lythrum	salicaria -type* U,	W Lythrum	salicaria ls U,	W
Circaea	lutetiana ccl W Circaea * W Circaea	lutetiana ccl W
Epilobium	hirsutum 	‡ eph U,	W - Epilobium	hirsutum 	# eph U,	W
Epilobium	montanum 	‡ epm W - -
- Mercurialis	perennis W -
- Euphorbia U -
Geranium	robertianum ger U,	W Geranium * U,	W Geranium	robertianum ger U,	W
Impatiens 	sp.	‡ impa W - -





Vegetation	species Code Site Palynological	equivalent1 Site Traits	used Code Site
Angelica	sylvestris as U,	W Apiaceae	undiff.* U,	W Angelica	sylvestris as U,	W
Apium	nodiflorum an U,	W Apiaceae	undiff. U,	W -
Peucedanum	palustre pp U Apiaceae	undiff. U,	W Peucedanum	palustre pp U
Sium	latifolium siu U Apiaceae	undiff. U,	W Sium	latifolium siu U
Solanum	dulcamara sod U,	W Solanum	dulcamara * U,	W Solanum	dulcamara sod U,	W
- Echium	vulgare U -
Symphytum	officinale so W Symphytum * U,	W Symphytum	officinale so W
Myosotis	scorpioides ms W Myosotis	arvensis -type U -
Lamium	purpureum lap W Lamiaceae	undiff.* U,	W -
Stachys	palustris spa W Lamiaceae	undiff. U,	W -
Stachys	sylvatica ss W Lamiaceae	undiff. U,	W Stachys	sylvatica ss W
Glechoma	hederacea 	‡ glh U,	W - Glechoma	hederacea 	# glh U,	W
Prunella	vulgaris 	‡ pv W - -
Scutellaria	galericulata 	‡ sg U,	W - -
Lycopus	europaeus le W Mentha -type* U,	W Lycopus	europaeus le W
Mentha	aquatica ma U,	W Mentha -type U,	W Mentha	aquatica ma U,	W
- Plantago	lanceolata U,	W -
- Plantago	major U,	W -
- Scrophularia -type U,	W -
Veronica	anagallis-aquatica veaa U Veronica U,	W -
Veronica	scutellata vs W Veronica U,	W -
Odontites	vernus 	‡ ov W - -
Galium	aparine ga U,	W Rubiaceae* U,	W Galium	aparine ga U,	W
Galium	palustre gp W Rubiaceae U,	W -
Galium	uliginosum gu U,	W Rubiaceae U,	W Galium	uliginosum † gu U,	W
Valeriana	officinalis va U Valeriana	officinalis * U,	W Valeriana	officinalis va U
Cirsium	arvense cia W Cirsium -type* U,	W Cirsium	arvense cia W
Cirsium	palustre cip U,	W Cirsium -type U,	W Cirsium	palustre cip U,	W
Cirsium	vulgare civ W Cirsium -type U,	W -
Centaurea	nigra cn W Centaurea	nigra U,	W -
Lapsana	communis lc W Lactuceae U,	W -
Sonchus	sp Son W Lactuceae U,	W -
Taraxacum	sp trx W Lactuceae U,	W -
Eupatorium	cannabinum ec U,	W Solidago	virgaurea -type* U,	W Eupatorium	cannabinum ec U,	W
Senecio	sp Sen W Solidago	virgaurea -type U,	W -
- Artemisia -type U,	W -
Achillea	millefolium am W Achillea -type U,	W -
Juncus	articulatus 	‡ Jjar W - Juncus	articulatus 	# Jjar W
Juncus	bufonius 	‡ Jjbu W - -
Juncus	conglomeratus 	‡ Jjc W - -
Juncus	effusus 	‡ Jje W - Juncus	effusus 	# Jje W
Juncus	subnodulosus 	‡ Jjs U,	W - Juncus	subnodulosus 	# Jjs U,	W
Luzula	multiflora 	‡ Jlm W - -
Cladium	mariscus Cclm U,	W Cladium	mariscus *	(Cyperaceae	und.) U,	W Cladium	mariscus Cclm U,	W
Carex	acutiformis Ccxa U,	W Cyperaceae	undiff.* U,	W Carex	acutiformis Ccxa U,	W
Carex	diandra Ccxd U Cyperaceae	undiff. U,	W -
Carex	elata Ccxe W Cyperaceae	undiff. U,	W Carex	elata Ccxe W
Carex	nigra Ccxn W Cyperaceae	undiff. U,	W -
Carex	otrubae Ccxo W Cyperaceae	undiff. U,	W -
Carex	panicea Ccxpa U,	W Cyperaceae	undiff. U,	W Carex	panicea Ccxpa U,	W
Carex	riparia Ccxri U Cyperaceae	undiff. U,	W Carex	riparia Ccxri U
Carex	rostrata Ccxro W Cyperaceae	undiff. U,	W -
Carex	viridula Ccxv W Cyperaceae	undiff. U,	W Carex	viridula Ccxv W
Eleocharis	palustris Cep W Cyperaceae	undiff. U,	W -
Agrostis	capillaris Pac W Poaceae	undiff.* U,	W -











the	 ten	 traits	 listed	 above	 for	 the	 present	 analyses	 (Table	 6.1).	 This	 represented	
approximately	93%	of	the	total	pollen	count	across	the	sampled	sites	(estimated	by	scaling	
the	 number	 of	 pollen	 counts	 with	 trait	 measurements	 by	 the	 total	 number	 of	 counts	
overall).	Upton	had	92.4%	of	total	pollen	count	with	trait	measurements	and	Woodwalton	
93.7%.	The	minimum	plot-level	coverage	was	82.3%	(one	plot	in	the	mixed	woodland	in	
Upton	 with	 relatively	 high	 count	 of	 Pinus	 sylvestris	 pollen,	 a	 species	 with	 no	 trait	
Vegetation	species Code Site Palynological	equivalent1 Site Traits	used Code Site
Anthoxanthum	odoratum Pao W Poaceae	undiff. U,	W -
Brachypodium	sylvaticum Pbs W Poaceae	undiff. U,	W -
Calamagrostis	canescens Pcc U,	W Poaceae	undiff. U,	W Calamagrostis	canescens Pcc U,	W
Calamagrostis	epigejos Pce W Poaceae	undiff. U,	W Calamagrostis	epigejos Pce W
Festuca	rubra Pfr W Poaceae	undiff. U,	W -
Holcus	lanatus Phl W Poaceae	undiff. U,	W Holcus	lanatus Phl W
Holcus	mollis Phm U Poaceae	undiff. U,	W -
Molinia	caerulea Pmc W Poaceae	undiff. U,	W Molinia	caerulea Pmc W
Phalaris	arundinacea Ppha W Poaceae	undiff. U,	W Phalaris	arundinacea Ppha W
Phragmites	australis Ppau U,	W Poaceae	undiff. U,	W Phragmites	australis Ppau U,	W
Poa	pratensis Ppp W Poaceae	undiff. U,	W -
Poa	trivialis Ppt U,	W Poaceae	undiff. U,	W Poa	trivialis Ppt U,	W
Glyceria	fluitans Pgf W Glyceria /Bromus U,	W -
- Cerealia -type U,	W -
Dactylorhiza 	sp.	‡ dac W - -
- Myriophyllum	spicatum U -
- Callitriche U -
- Alisma -type W -
- Potamogeton	natans -type U,	W -
- Sparganium	emersum -type U,	W -
Typha	latifolia tl U Typha	latifolia U,	W -
Iris	pseudacorus ip U,	W Iris* U Iris	pseudacorus ip U
Equisetum	palustre Tep U Equisetum * U Equisetum	palustre Tep U
- Osmunda	regalis W -
- Polypodium W -
- Pteridium	aquilinum U,	W -
Athyrium	filix-femina Taf U Athyrium	filix-femina -type U -
Dryopteris	dilatata Tdd U,	W Dryopteris	dilatata * U,	W Dryopteris	dilatata Tdd U,	W
Dryopteris	filix-mas Tdf U Dryopteris	filix-mas -type U,	W -
Thelypteris	palustris Ttp U Thelypteris	palustris * U Thelypteris	palustris Ttp U
Athyrium	filix-femina Taf U Pteropsida	(monolete)	indet.* U -
Dryopteris	dilatata Tdd U,	W Pteropsida	(monolete)	indet. U,	W Dryopteris	dilatata Tdd U,	W
Dryopteris	filix-mas Tdf U Pteropsida	(monolete)	indet. U,	W -

















Reedswamp 10 86.4 83.8 0 10 0
Cladium 	fen 12 92.9 90.2 0 0 0
Juncus	subnodulosus	
fen
12 95.3 93.1 0 0 0
Alder	carr 17 92.1 86.1 0 5 0
Mixed	woodland 17 93.9 82.3 0 1 0
Alder	carr 17 95.9 93.9 0 0 0
Glade	(unmanaged) 8 95.6 91.5 0 0 0
Glade	(managed) 9 93.1 89.5 0 1 0
Phragmites 	fen 15* 92.6 89.1 0 1 0
Sedge	fen 17 92.0 86.2 0 3 0





















Table	6.3:	Description	of	 the	 fossil	pollen	sites	 in	Romney	Marsh	and	Fenland,	with	 the	













DOW-5 Alnus	glutinosa ,	Betula ,	Corylus	avellana -type




HF-4 Alnus	glutinosa ,	Betula ,	Quercus ,	Osmunda	regalis
HF-5 Cyperaceae,	Poaceae,	Pteropsida	(monolete)	indet.






MU-6 Cyperaceae,	Poaceae,	Salix ,	Betula ,	Alnus ,	Pteropsida	(monolete)	indet.
Redmere	(RM):	52°26’N	0°26’E,	33	samples	(102	-	134)
Depth	range	128-35	cm;	age	range	c .	4200-1700	cal.	yr	BP
RM-1 Quercus ,	Poaceae,	Corylus -type,	Alnus ,	Cyperaceae,	Chenopodiaceae
RM-2 Salix ,	Alnus ,	Brassicaceae,	Cyperaceae,	Poaceae
RM-3 Cyperaceae,	Poaceae,	Rubiaceae,	Brassicaceae,	Pteropsida	(monolete)	indet.














WW-15 Poaceae,	Cyperaceae,	Glyceria /Bromus ,	Pteropsida	(monolete)	indet.
	 126	
Holocene	assemblages	derived	from	large	sedimentary	systems	deposited	during	periods	
of	 widespread	 peat	 formation,	 with	 most	 of	 the	 peats	 intercalated	 between	 marine-





cal.	 yr	 BP	 onwards.	 They	 revealed	 initial	 sequences	 indicative	 of	 short	 periods	 of	 open	
vegetation,	though	this	phase	was	more	extended	at	The	Dowells,	the	site	closest	to	dry	
land.	An	extended	period	of	tree	pollen	abundance	followed	at	all	three	sites.	The	pollen	
assemblages	 in	 the	 upper	 half	 of	 the	 peat	 are	 more	 variable,	 though	 they	 are	 largely	
dominated	by	herbaceous	pollen.	




like	 the	 other	 sites,	 high	 pollen	 values	 of	 woody	 taxa	 were	 followed	 by	 assemblages	
dominated	by	herbaceous	pollen.	The	opposite	is	true	for	Murrow.	The	Swineshead	and	
the	 Welney	 Washes	 4th	 peat	 profiles	 were	 taken	 from	 the	 most	 recent	 stage	 of	 peat	
formation	in	Fenland	and	were	probably	deposited	close	to	major	rivers	(the	Witham	and	










(unweighted)	 trait	 values	 following	 a	 similar	 approach	 to	 the	one	used	 for	 the	modern	
pollen	data;	matching	equivalent	species	encountered	in	the	contemporary	vegetation	at	













Pollen	type Site Traits	used Code
Quercus* BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Quercus	robur QR
Betula * BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Betula	pubescens BP
Alnus	glutinosa * BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Alnus	glutinosa AG
Fraxinus	excelsior * BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Fraxinus	excelsior FE
Salix* BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Salix	caprea Sxcp
Salix BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Salix	cinerea Sxcn
Salix BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Salix	repens Sxr
Sorbus -type* DOW,	MU,	RM,	WW3,	WW4 Crataegus	monogyna Cm
Rhamnus	cathartica BR,	DOW,	HF,	WW4 Rhamnus	cathartica † Rc
Viburnum	opulus * BR,	DOW,	HF,	RM,	SH,	WW3,	WW4 Viburnum	opulus Vo
Lonicera	periclymenum * DOW,	HF Lonicera	periclymenum Lp
Hedera	helix BR,	DOW,	HF,	RM,	WW3,	WW4 -
Humulus	lupulus * RM,	WW3,	WW4 Humulus	lupulus Hl
Ranunculus	acris -type* DOW,	HF,	MU,	RM,	WW3,	WW4 Ranunculus	flammula rafl
Urtica * DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Urtica	dioica ud
Myrica	gale * BR,	DOW,	HF Myrica	gale Mg
Caryophyllaceae	undiff.* BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Moehringia	trinervia mot
Rumex	obtusifolius -type BR,	DOW,	HF,	RM -
Rumex	sanguineus -type* BR,	DOW,	HF,	RM,	WW3,	WW4 Rumex	sanguineus rs
Brassicaceae* DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Cardamine	pratensis cdp
Lysimachia	vulgaris -type* BR,	DOW,	HF,	RM,	WW4 Lysimachia	vulgaris lv
Filipendula * BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Filipendula	ulmaria fu
Rubus 	undiff.	(Rosaceae	undiff.)* DOW,	HF,	WW3,	WW4 Rubus	fruticosus rf
Potentilla -type BR,	DOW,	HF,	MU,	WW4 -
Rosaceae	undiff. BR,	DOW,	HF,	RM,	WW3,	WW4 -
Lotus* RM,	WW3 Lotus	pedunculatus lop
Lythrum	salicaria -type* DOW,	HF,	RM,	SH,	WW3,	WW4 Lythrum	salicaria ls
Hydrocotyle	vulgaris * DOW,	HF,	WW4 Hydrocotyle	vulgaris hv
Apiaceae	undiff.* BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Angelica	sylvestris as
Apiaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Peucedanum	palustre pp
Apiaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Sium	latifolium siu
Solanum	dulcamara * HF,	WW3,	WW4 Solanum	dulcamara sod
Lamiaceae	undiff.* RM,	SH,	WW3,	WW4 Stachys	sylvatica ss
Mentha -type* BR,	HF,	RM,	WW3 Lycopus	europaeus le
Mentha -type BR,	HF,	RM,	WW3 Mentha	aquatica ma
Rubiaceae* BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Galium	aparine ga
Rubiaceae BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Galium	uliginosum † gu
Cirsium -type* BR,	DOW,	RM Cirsium	arvense cia
Cirsium -type BR,	DOW,	RM Cirsium	palustre cip
Solidago	virgaurea -type* BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Eupatorium	cannabinum ec
Achillea -type RM,	WW4 -
Cyperaceae	undiff.* BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Cladium	mariscus Cclm
Cyperaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Carex	acutiformis Ccxa





were	 assigned	 trait	 values	 measured	 from	 the	 contemporary	 vegetation	 (taxa	 with	
asterisks	 in	 Table	 6.4).	 This	 represented	 approximately	 99.4%	of	 the	 total	 pollen	 count	
across	 the	 sampled	 sites	 (estimated	 by	 scaling	 the	 number	 of	 pollen	 counts	 with	 trait	
measurements	by	the	total	number	of	counts	overall).	Romney	Marsh	sites	had	99.4%	of	
total	 pollen	 count	with	 trait	measurements	 on	 average,	while	 Fenland	 had	 99.5%.	 The	
minimum	sample-level	coverage	was	95.1%,	while	58	out	of	169	samples	(34.3%)	showed	
100%	trait	coverage	(Table	6.5).	
A	 comparative	 approach	 to	 the	 interpretation	 of	 fossil	 pollen	 records	 has	 been	
shown	 (using	 the	 same	 data	 presented	 here)	 to	 be	 broadly	 applicable	 where	 fen	











Pollen	type Site Traits	used Code
Cyperaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Carex	panicea Ccxpa
Cyperaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Carex	riparia Ccxri
Cyperaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Carex	viridula Ccxv
Poaceae	undiff.* BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Agrostis	stolonifera Pas
Poaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Calamagrostis	canescens Pcc
Poaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Calamagrostis	epigejos Pce
Poaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Holcus	lanatus Phl
Poaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Molinia	caerulea Pmc
Poaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Phalaris	arundinacea Ppha
Poaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Phragmites	australis Ppau
Poaceae	undiff. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Poa	trivialis Ppt
Glyceria /Bromus DOW,	HF,	RM,	SH,	WW3,	WW4 -
Equisetum * BR,	WW3,	WW4 Equisetum	palustre Tep
Pteropsida	(monolete)	indet.* BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Thelypteris	palustris Ttp
Pteropsida	(monolete)	indet. BR,	DOW,	HF,	MU,	RM,	SH,	WW3,	WW4 Dryopteris	dilatata Tdd
Ai = 
A2 – A1 
D2 – D1 
( 






























Brookland 25 99.4 98.5 0 0 5
The	Dowells 26 99.6 98.3 0 0 12
Hope	Farm 27 99.1 95.1 0 0 4
Murrow 11 99.97 99.7 0 0 10
Redmere 33 99.5 97.0 0 0 13
Swineshead 6 99.7 99.6 0 0 2
Welney	Washes	3rd	peat 27 99.6 97.7 0 0 10
Welney	Washes	4th	peat 14 98.6 96.0 0 0 2





























when	 independent	observations	cannot	be	grouped	 together	 (as	 in	 this	 case	with	 fossil	































the	 minimum	 pollen	 count	 (500)	 and	 were	 excluded	 from	 the	 analyses.	 Fossil	 pollen	
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Poaceae	 pollen	 values	 were	 generally	 higher	 at	 Woodwalton	 (>	 c.	 20%	 TLP),	
particularly	in	the	annually-cut	glades	(plots	94	to	102),	Phragmites	fen	(103	to	119)	and	
sedge	 fen	 (120	 to	 136)	 communities	 (Fig.	 6.3).	Alnus	 glutinosa	 and	Betula	 pollen	were	
notably	high	 in	the	alder	carr	(plots	69	to	85),	with	values	as	high	as	70%	and	40%	TLP,	
respectively	 (Fig.	 6.3).	 In	 addition,	 Urtica	 and	 Ranunculus	 acris-type	 pollen	 frequently	
exceeded	 10%	 TLP	 in	 the	 uncut	 and	 annually-cut	 glades,	 respectively	 (Fig.	 6.3).	 The	







means	 (CWMs)	 of	 plant	 traits	 in	Upton	 and	Woodwalton	 than	 the	modern	 vegetation,	
which	displayed	large	variations	between	some	of	the	herb-dominated	sites	(plots	1	to	34	
and	86	to	136)	and	one	of	the	woody	communities,	the	alder	carr	in	Woodwalton	(plots	69	

















not	 vary	 markedly	 between	 woody	 and	 herbaceous	 assemblages	 (Fig.	 6.4b-e),	 though	
LDMC	showed	some	variability	between	plots	(Fig.	6.4d).	The	vegetation	taxa,	however,	















































































































































































highest	 LDMC	 and	 Lth	 of	 all	 communities	 (Fig.	 6.4b-e).	 The	 other	 communities	mostly	
















throughout	 the	 sites,	 but	 there	 was	 some	 contrast	 between	 woody	 and	 herbaceous	
assemblages	in	leaf	δ15N	(Fig.	6.4j).	The	mixed	woodland	in	Upton	(plots	52	to	68)	displayed	
the	lowest	values	of	leaf	δ15N,	while	the	Phragmites	fen	in	Woodwalton	(plots	103	to	119)	
revealed	 the	 highest	 (Fig.	 6.4j).	Moreover,	 the	 pollen	 data	 of	 the	 reedswamp	 in	Upton	
(plots	1	 to	10)	 showed	 the	highest	 isotope	 results	overall.	 The	contemporary	herb	 fens	
largely	 revealed	higher	 leaf	δ13C	and	 leaf	δ15N	 than	 the	woody	 sites,	 particularly	 in	 the	
reedswamp	 in	 Upton.	 The	 alder	 carr	 in	 Woodwalton	 (plots	 69	 to	 85)	 and	 the	 mixed	
woodland	 in	 Upton	 presented	 the	 lowest	 leaf	 δ13C	 (Fig.	 6.4i)	 and	 leaf	 δ15N	 (Fig.	 6.4j),	






























y = 0.24 + 0.81 x
r2 = 0.31
p < 0.001






















y = 0.07 + 0.66 x
r2 =  0.03
p = 0.04














y = 1.63 + 0.89 x
r2 =  0.05
p < 0.01






















y = 102.95 + 0.66 x
r2 =  0.13
p < 0.001






















y = 0.004 + 1.01 x
r2 =  0.03
p = 0.03






















y = 220.24 + 0.47 x
r2 =  0.18
p < 0.001















y = -12.11 + 1.33 x
r2 =  0.33
p < 0.001















y = -5.77 + 1.52 x
r2 =  0.19
p < 0.001






















y = 49.75 + 2.64 x
r2 =  0.47
p < 0.001


















y = 1.23 + 1.21 x





Linear	mixed	effects	models	confirmed	that	 leaf	 traits	of	 the	modern	vegetation	
generally	 showed	 higher	 variability	 than	 the	 contemporary	 pollen	 taxa	 (Fig.	 6.5).	 Plant	
height	 clearly	 revealed	 two	 distinct	 populations	 of	 herbaceous	 and	 woody	 species,	
particularly	within	the	modern	vegetation	(Fig.	6.5a).	
The	traits	with	the	highest	proportion	of	variance	explained	by	the	fixed	factor	in	






















opulus	 and	Myrica	 gale	 were	 other	 main	 shrubs	 present	 in	 the	 Romney	 Marsh	 area,	












































































































































































































































































































































































































































































































































































































































































sedges	 (Cyperaceae	 pollen)	 alternated	 in	 abundance.	 Ferns	 were	 also	 a	 common	
component	 of	 the	 ground	 flora,	 with	 most	 fern	 spores	 lacking	 the	 diagnostic	 features	
required	 for	 further	 taxonomic	resolution	and	classified	as	Pteropsida	monolete	spores.	
Other	notable	presences	in	the	fossil	pollen	record	were	Apiaceae,	Rubiaceae	and	Solidago	
virgaurea-type	 throughout,	but	more	 locally	Filipendula	 and	Lysimachia	vulgaris-type	at	
The	 Dowells	 and	Ranunculus	 acris-type	 in	 Redmere,	Welney	Washes	 and	 The	 Dowells.	












Shifts	 in	 vegetation	 (between	 wooded	 and	 herb-dominated	 taxa)	 largely	 resulted	 in	
changes	 in	 trait	 composition,	 with	 declines	 in	 leaf	 N	 and	 increases	 in	 leaf	 carbon	 and	
nitrogen	 isotopes	 generally	 caused	 by	 the	 replacement	 of	 Alnus	 glutinosa-dominated	
assemblages	for	taxa	where	grasses	and	sedges	prevailed	(and	vice-versa;	Fig.	6.6	and	6.7).	
Moreover,	 changes	 in	 mean	 trait	 values,	 particularly	 LDMC,	 also	 happened	 following	




However,	 wooded	 fossil	 assemblages	 in	 Romney	Marsh	 (with	A.	 glutinosa	 dominance)	
broadly	revealed	higher	 leaf	N	than	modern	expectations	(Fig.	6.6),	whereas	the	woody	














































































































































































































































































































































































































































































































































































































































































































































































































The	 Romney	 Marsh	 (Brookland,	 The	 Dowells	 and	 Hope	 Farm)	 fossil	 pollen	
assemblages	derived	from	herbaceous	vegetation	generally	revealed	higher	variability	in	
leaf	traits	through	time	than	the	pollen	assemblages	dominated	by	woody	taxa	(Fig.	6.6).	
Significant	 departures	 from	 present-day	 fen	 averages	 were	 mostly	 evident	 in	 leaf	 N	
concentration	 (Fig.	 6.6b)	 and	 leaf	 δ13C	 (Fig.	 6.6c).	 LDMC	 remained	 fairly	 constant	 in	
Brookland	and	The	Dowells	 from	c.	5500	to	2000	cal.	yr	BP	under	both	herbaceous	and	












Table	6.6),	when	 taxa	 (mainly	grasses	and	 sedges	with	M.	gale	 and	Betula)	with	higher	
LDMC	than	expected	at	present	were	more	prominent	in	the	fossil	pollen	record.	
Leaf	 N	 concentration	 of	 the	 fossil	 flora	 departed	 significantly	 from	 modern	
herbaceous	(26.6	±	0.4	mg	g-1,	95%	CI,	n	=	83;	p	<	0.05;	one-observation	t-test)	and	woody	
(30	±	0.9	mg	g-1,	95%	CI,	n	=	51;	p	<	0.05;	one-observation	t-test)	community	means	(Fig.	




6.6b1-2	and	b5-6)	 and	higher	 (Fig.	 6.6b3)	 values	 than	expected	at	present,	 respectively	
(Table	6.6).	There	was	a	marked	decrease	in	leaf	N	concentration	in	the	Brookland	fossil	
	 144	
flora	 at	 c.	 3700	 cal.	 yr	 BP,	 when	 a	 shift	 from	 wooded	 to	 predominantly	 herbaceous	
conditions	(from	A.	glutinosa-dominated	to	sedge-dominated	vegetation)	seems	to	have	


















yr	 BP	 (A.	 glutinosa,	 Betula	 and	Quercus	 with	 Salix),	 even	 though	 no	 apparent	 shift	 to	
































Age* t p t p t p t p t p t p t p t p
h 2.2 -0.3 0.74 1.3 0.19 -1.6 0.12 -2.0 0.06 -1.0 0.34 0.7 0.48 -1.2 0.25 0.1 0.92
h 2.3 -0.1 0.94 1.9 0.07 -3.7 <	0.001 -3.1 0.003 0.9 0.37 5.2 <	0.001 0.8 0.42 2.2 0.03
h 2.5 0.1 0.91 2.3 0.03 -2.3 0.02 -2.4 0.02 0.3 0.75 3.8 <	0.001 0.3 0.76 1.7 0.10
h 2.7 -0.1 0.89 1.8 0.08 -3.5 0.001 -3.0 0.004 0.6 0.57 4.4 <	0.001 0.8 0.41 2.3 0.03
h 2.9 -0.3 0.78 1.5 0.15 -3.6 <	0.001 -3.1 0.003 0.6 0.55 4.5 <	0.001 1.5 0.13 3.0 0.004
h 3.1 -0.5 0.59 0.9 0.36 -4.3 <	0.001 -3.4 0.001 0.7 0.51 4.6 <	0.001 1.2 0.23 2.7 0.01
h 3.3 -1.2 0.22 -0.5 0.61 -5.4 <	0.001 -4.1 <	0.001 0.8 0.45 4.8 <	0.001 -0.6 0.54 0.7 0.50
h 3.5 -0.1 0.94 1.9 0.07 -4.0 <	0.001 -3.3 0.002 1.1 0.27 5.7 <	0.001 1.5 0.13 3.0 0.004
h 3.7 -0.3 0.75 1.4 0.17 -4.3 <	0.001 -3.5 0.001 1.3 0.21 6.1 <	0.001 1.5 0.14 3.0 0.004
h 3.9 -0.2 0.84 1.6 0.11 -1.2 0.23 -1.8 0.08 0.0 0.99 3.0 0.004 0.1 0.93 1.4 0.16
w 4.0 -0.2 0.86 1.7 0.10 1.1 0.29 -0.5 0.61 -1.1 0.28 0.4 0.71 -1.4 0.15 -0.2 0.83
w 4.1 0.0 0.98 2.0 0.05 1.5 0.15 -0.3 0.78 -1.2 0.25 0.2 0.81 -1.3 0.20 -0.1 0.95
w 4.1 0.2 0.83 2.5 0.02 0.5 0.63 -0.8 0.41 -0.3 0.74 2.2 0.03 -1.5 0.13 -0.3 0.75
w 4.2 -0.1 0.90 1.8 0.08 1.8 0.07 -0.1 0.93 -1.1 0.26 0.3 0.79 -1.0 0.30 0.2 0.83
w 4.2 0.0 0.96 1.9 0.06 2.0 0.05 0.0 0.99 -1.1 0.30 0.5 0.64 -1.0 0.33 0.3 0.78
w 4.3 -0.5 0.64 1.1 0.29 1.0 0.31 -0.5 0.60 -1.5 0.14 -0.5 0.59 -1.9 0.07 -0.7 0.51
w 4.4 -0.6 0.56 0.8 0.41 1.6 0.12 -0.2 0.82 -1.5 0.14 -0.6 0.55 -1.6 0.11 -0.4 0.68
w 4.4 -0.7 0.46 0.5 0.61 0.2 0.85 -1.0 0.33 -1.4 0.17 -0.3 0.75 -2.2 0.03 -1.0 0.31
w 4.5 -0.2 0.81 1.5 0.13 0.9 0.36 -0.6 0.56 -0.7 0.46 1.2 0.23 -0.9 0.35 0.3 0.75
w 4.5 -0.2 0.86 1.7 0.10 1.0 0.30 -0.5 0.60 -0.9 0.39 0.9 0.37 -1.6 0.11 -0.4 0.70
w 4.6 -0.5 0.62 1.0 0.31 0.7 0.51 -0.7 0.47 -0.7 0.47 1.3 0.21 -1.2 0.23 0.0 0.98
w 4.6 0.0 0.97 2.0 0.05 1.8 0.07 -0.1 0.93 -1.1 0.27 0.3 0.73 -1.6 0.11 -0.4 0.67
w 4.7 -0.1 0.94 1.9 0.06 0.5 0.63 -0.8 0.41 -0.8 0.43 1.1 0.27 -0.7 0.47 0.6 0.58
w 4.8 -1.1 0.29 -0.1 0.89 -3.0 0.004 -2.7 0.01 -0.3 0.77 2.3 0.03 -1.7 0.10 -0.4 0.66
w 4.8 -0.5 0.62 1.0 0.31 -0.5 0.64 -1.4 0.18 -0.4 0.72 2.2 0.04 -0.6 0.53 0.7 0.51
h 2.4 0.1 0.93 2.2 0.03 0.4 0.70 -0.9 0.38 -0.4 0.69 2.0 0.05 -0.3 0.78 1.1 0.30
w 2.5 -0.1 0.92 1.8 0.07 1.9 0.06 0.0 0.97 -1.3 0.19 -0.1 0.89 -0.3 0.78 1.0 0.30
w 2.7 0.2 0.82 2.5 0.02 1.5 0.14 -0.3 0.78 -0.8 0.43 1.1 0.27 -0.8 0.43 0.5 0.63
w 2.8 -0.2 0.87 1.7 0.10 1.1 0.29 -0.5 0.62 -0.9 0.35 0.8 0.45 -0.1 0.92 1.2 0.22
w 2.9 -0.2 0.88 1.7 0.09 2.3 0.02 0.2 0.86 -1.0 0.31 0.5 0.60 -0.7 0.47 0.6 0.57
w 3.1 -0.3 0.75 1.4 0.18 2.3 0.03 0.2 0.88 -1.1 0.28 0.4 0.71 -0.2 0.81 1.1 0.28
w 3.2 -0.2 0.87 1.7 0.09 2.7 0.01 0.4 0.69 -1.3 0.20 -0.1 0.94 -0.8 0.45 0.5 0.60
w 3.4 -0.3 0.80 1.5 0.13 3.0 0.004 0.5 0.60 -1.4 0.16 -0.4 0.68 -0.5 0.59 0.8 0.45
w 3.5 0.0 0.99 2.0 0.05 2.3 0.02 0.2 0.86 -1.5 0.15 -0.5 0.62 -1.2 0.22 0.0 0.99
w 3.6 -0.1 0.90 1.8 0.08 3.1 0.003 0.6 0.56 -1.5 0.14 -0.5 0.59 -1.0 0.30 0.2 0.83
w 3.7 0.2 0.87 2.4 0.02 3.0 0.003 0.6 0.57 -1.3 0.20 -0.1 0.92 -1.2 0.22 0.0 1.00
w 3.8 -0.1 0.95 1.9 0.06 3.0 0.004 0.5 0.59 -1.2 0.24 0.2 0.86 -1.0 0.31 0.2 0.81
w 3.9 0.2 0.85 2.4 0.02 2.5 0.01 0.3 0.76 -1.2 0.22 0.1 0.96 -1.6 0.10 -0.4 0.66
w 4.0 -0.1 0.91 1.8 0.08 2.0 0.05 0.0 0.99 -1.3 0.19 -0.2 0.87 -1.4 0.16 -0.2 0.83
w 4.1 0.0 0.98 2.0 0.05 3.5 0.001 0.8 0.41 -1.4 0.15 -0.5 0.64 -1.1 0.27 0.2 0.88
w 4.2 -0.5 0.62 1.0 0.31 1.6 0.12 -0.2 0.83 -1.8 0.07 -1.4 0.16 -1.8 0.08 -0.6 0.57
w 4.3 -0.1 0.96 1.9 0.06 2.6 0.01 0.4 0.72 -1.4 0.15 -0.4 0.66 -1.2 0.23 0.0 0.98
w 4.4 -0.3 0.78 1.5 0.15 2.0 0.05 0.0 1.00 -1.6 0.11 -0.9 0.36 -1.6 0.10 -0.4 0.66
w 4.5 0.1 0.94 2.2 0.03 3.0 0.004 0.6 0.58 -1.2 0.23 0.1 0.95 -1.0 0.31 0.2 0.81
w 4.6 -0.4 0.68 1.2 0.24 1.0 0.34 -0.6 0.58 -1.5 0.15 -0.5 0.60 -1.7 0.10 -0.5 0.65
w 4.7 -0.2 0.82 1.6 0.13 4.0 <	0.001 1.1 0.28 -1.3 0.21 0.0 0.98 -0.5 0.64 0.8 0.40
w 4.8 -0.9 0.37 0.2 0.84 -1.8 0.07 -2.1 0.04 -0.3 0.73 2.2 0.04 -1.3 0.19 -0.1 0.92
h 4.9 -1.8 0.08 -1.7 0.10 -4.8 <	0.001 -3.7 0.001 0.3 0.80 3.6 0.001 -1.7 0.08 -0.6 0.59
h 5.1 -0.5 0.64 1.1 0.29 -0.4 0.66 -1.3 0.19 -0.1 0.90 2.7 0.01 0.1 0.89 1.5 0.14
h 5.2 -0.3 0.78 1.5 0.15 0.0 0.99 -1.1 0.28 -0.3 0.79 2.4 0.02 0.0 0.97 1.3 0.20



































Age* t p t p t p t p t p t p t p t p
h 1.9 0.8 0.45 3.6 0.001 -1.6 0.10 -2.0 0.05 0.3 0.80 3.6 0.001 1.1 0.29 2.5 0.02
h 2.1 0.6 0.57 3.2 0.002 -2.2 0.03 -2.3 0.03 0.2 0.85 3.5 0.001 -0.2 0.83 1.1 0.27
h 2.3 0.9 0.38 3.9 <	0.001 -0.8 0.45 -1.5 0.14 -0.5 0.62 1.8 0.08 -1.5 0.15 -0.3 0.80
w 2.6 1.5 0.15 5.1 <	0.001 -0.8 0.42 -1.5 0.13 0.2 0.86 3.4 0.001 -3.1 0.002 -2.0 0.05
w 2.8 1.7 0.09 5.5 <	0.001 -1.4 0.15 -1.9 0.07 0.7 0.50 4.6 <	0.001 -3.3 0.002 -2.2 0.03
w 3.0 -0.1 0.94 1.9 0.07 -1.3 0.21 -1.8 0.08 -1.1 0.26 0.3 0.79 -3.4 0.001 -2.4 0.02
h 3.2 -0.6 0.58 0.9 0.37 -3.4 0.001 -2.9 0.01 0.2 0.84 3.5 0.001 0.6 0.57 2.0 0.05
h 3.4 -0.8 0.45 0.5 0.64 -4.6 <	0.001 -3.6 0.001 0.8 0.42 5.0 <	0.001 0.0 0.99 1.3 0.19
w 3.6 -0.5 0.59 0.9 0.35 0.2 0.83 -1.0 0.33 -1.6 0.11 -0.9 0.36 -1.8 0.08 -0.6 0.57
w 3.6 -0.6 0.58 0.9 0.38 1.1 0.29 -0.5 0.62 -1.8 0.08 -1.3 0.20 -2.0 0.05 -0.8 0.40
w 3.6 -0.2 0.87 1.7 0.09 2.9 0.01 0.5 0.63 -1.2 0.23 0.1 0.90 -0.8 0.40 0.4 0.67
w 3.6 0.1 0.95 2.2 0.04 3.0 0.004 0.5 0.59 -1.3 0.19 -0.1 0.89 -1.1 0.28 0.2 0.87
w 3.6 0.1 0.95 2.2 0.04 2.3 0.02 0.2 0.85 -1.1 0.25 0.2 0.81 -1.3 0.20 -0.1 0.95
w 3.7 0.1 0.93 2.2 0.03 2.0 0.05 0.0 0.99 -1.6 0.12 -0.7 0.47 -1.9 0.07 -0.7 0.50
w 3.7 0.1 0.93 2.2 0.03 1.6 0.11 -0.2 0.84 -1.5 0.15 -0.5 0.60 -2.0 0.05 -0.8 0.44
w 3.7 0.0 0.99 2.1 0.04 1.0 0.31 -0.5 0.60 -1.6 0.10 -1.0 0.34 -2.5 0.02 -1.3 0.19
w 3.7 -0.3 0.79 1.5 0.15 1.6 0.11 -0.2 0.84 -1.5 0.13 -0.7 0.51 -1.7 0.09 -0.5 0.59
h 3.8 -2.3 0.02 -2.7 0.01 -6.2 <	0.001 -4.5 <	0.001 0.1 0.90 3.3 0.002 -3.0 0.003 -2.0 0.06
h 3.9 -1.6 0.11 -1.3 0.21 -4.9 <	0.001 -3.8 <	0.001 0.4 0.72 3.9 <	0.001 -1.7 0.09 -0.5 0.59
w 4.0 -1.0 0.33 0.0 0.98 -1.5 0.13 -1.9 0.06 -0.2 0.83 2.5 0.02 -1.1 0.30 0.2 0.84
w 4.2 -0.5 0.62 1.0 0.32 -0.1 0.89 -1.2 0.25 -0.4 0.71 2.1 0.04 -0.4 0.66 0.9 0.38
w 4.3 -0.4 0.68 1.2 0.24 -0.2 0.87 -1.2 0.24 -0.3 0.75 2.2 0.03 -0.3 0.76 1.0 0.31
w 4.4 -0.2 0.88 1.7 0.09 3.9 <	0.001 1.1 0.29 -1.5 0.13 -0.7 0.52 -0.7 0.49 0.6 0.55
w 4.5 -0.1 0.91 1.8 0.08 3.2 0.002 0.7 0.50 -1.4 0.16 -0.4 0.70 -0.9 0.35 0.3 0.75
w 4.7 -0.1 0.89 1.8 0.09 2.0 0.05 0.0 0.99 -1.3 0.21 0.0 0.98 -1.3 0.20 -0.1 0.96
w 4.8 -0.2 0.85 1.7 0.10 2.7 0.01 0.4 0.68 -1.3 0.18 -0.2 0.83 -1.2 0.22 0.0 0.99
w 4.9 -0.2 0.83 1.6 0.12 2.0 0.05 0.0 1.00 -1.1 0.26 0.3 0.77 -1.2 0.24 0.1 0.94
h 2.0 0.0 0.98 2.0 0.05 -2.9 0.004 -2.7 0.01 0.2 0.81 3.6 0.001 -1.4 0.16 -0.2 0.85
h 2.0 -0.5 0.65 1.1 0.27 -2.5 0.01 -2.5 0.02 0.0 0.99 3.0 0.004 -0.6 0.53 0.7 0.51
h 2.1 0.0 0.97 2.0 0.05 -2.0 0.05 -2.2 0.03 0.3 0.75 3.8 <	0.001 0.3 0.74 1.7 0.09
h 2.2 -0.3 0.79 1.5 0.14 -2.6 0.01 -2.5 0.01 0.3 0.76 3.7 <	0.001 -0.1 0.95 1.3 0.21
h 2.3 -1.5 0.14 -1.0 0.31 -4.1 <	0.001 -3.4 0.002 -0.5 0.63 1.9 0.07 -2.3 0.02 -1.1 0.26
h 2.3 -2.0 0.05 -2.0 0.05 -5.7 <	0.001 -4.2 <	0.001 0.1 0.94 3.2 0.003 -2.5 0.01 -1.4 0.17
h 2.4 -1.6 0.12 -1.2 0.24 -5.4 <	0.001 -4.1 <	0.001 0.4 0.72 3.9 <	0.001 -1.6 0.10 -0.4 0.66
h 2.5 -0.4 0.68 1.2 0.24 -3.4 0.001 -2.9 0.01 1.1 0.27 5.7 <	0.001 2.5 0.01 4.1 <	0.001
h 2.6 -0.2 0.82 1.6 0.12 -3.0 0.004 -2.7 0.01 0.9 0.37 5.2 <	0.001 2.8 0.01 4.4 <	0.001
h 2.7 0.1 0.89 2.3 0.02 -3.1 0.003 -2.8 0.01 0.8 0.44 4.9 <	0.001 3.4 0.001 5.1 <	0.001
h 2.8 0.5 0.61 3.1 0.003 -3.7 <	0.001 -3.1 0.003 1.0 0.34 5.3 <	0.001 3.4 0.001 5.0 <	0.001
h 1.7 0.3 0.79 2.6 0.01 -2.2 0.03 -2.3 0.03 -0.1 0.92 2.8 0.01 1.3 0.21 2.7 0.01
h 1.7 -0.2 0.83 1.6 0.12 -3.7 <	0.001 -3.1 0.003 0.3 0.75 3.8 <	0.001 1.3 0.20 2.8 0.01
h 1.8 0.1 0.93 2.2 0.03 -4.1 <	0.001 -3.4 0.002 0.9 0.37 5.2 <	0.001 2.2 0.03 3.7 0.001
h 1.8 -0.8 0.45 0.5 0.64 -4.8 <	0.001 -3.7 <	0.001 0.7 0.50 4.7 <	0.001 0.8 0.43 2.2 0.03
h 1.8 -1.3 0.20 -0.6 0.55 -5.0 <	0.001 -3.9 <	0.001 0.6 0.57 4.4 <	0.001 0.1 0.91 1.5 0.15
h 1.9 -1.3 0.20 -0.6 0.53 -5.0 <	0.001 -3.8 <	0.001 0.3 0.76 3.8 <	0.001 -0.4 0.68 0.9 0.37
h 1.9 -1.7 0.10 -1.4 0.18 -5.6 <	0.001 -4.2 <	0.001 0.3 0.74 3.8 <	0.001 -1.4 0.18 -0.1 0.89
h 1.9 -0.8 0.43 0.4 0.67 -3.7 <	0.001 -3.2 0.003 0.0 0.99 3.0 0.01 -0.6 0.56 0.7 0.48
h 2.0 -1.5 0.15 -1.0 0.33 -4.9 <	0.001 -3.8 <	0.001 0.2 0.84 3.5 0.001 -1.1 0.26 0.1 0.90
h 2.0 -0.2 0.81 1.5 0.13 -3.2 0.002 -2.9 0.01 0.3 0.76 3.7 <	0.001 2.0 0.05 3.5 0.001
h 2.1 -0.3 0.73 1.3 0.19 -2.2 0.03 -2.3 0.03 0.2 0.82 3.5 0.001 2.5 0.02 4.1 <	0.001
h 2.1 -1.5 0.14 -1.0 0.31 -1.3 0.20 -1.8 0.08 0.6 0.58 4.3 <	0.001 3.0 0.004 4.6 <	0.001
h 2.2 -2.2 0.03 -2.6 0.01 0.2 0.84 -1.0 0.33 0.4 0.67 4.0 <	0.001 2.8 0.01 4.4 <	0.001
h 2.3 -1.1 0.26 -0.3 0.79 -2.9 0.01 -2.7 0.01 0.5 0.64 4.1 <	0.001 0.4 0.67 1.8 0.08
h 2.4 -0.2 0.84 1.6 0.11 -5.0 <	0.001 -3.8 <	0.001 1.8 0.08 7.3 <	0.001 2.4 0.02 4.0 <	0.001
h 2.6 0.0 0.98 2.1 0.04 -4.4 <	0.001 -3.5 0.001 1.6 0.12 6.8 <	0.001 2.4 0.02 3.9 <	0.001
h 2.7 0.5 0.59 3.1 0.003 -2.7 0.01 -2.6 0.01 0.6 0.58 4.4 <	0.001 0.7 0.49 2.1 0.04
h 2.8 0.0 0.98 2.0 0.05 -5.4 <	0.001 -4.1 <	0.001 2.1 0.04 8.1 <	0.001 3.0 0.003 4.7 <	0.001
h 2.9 -0.1 0.94 1.9 0.07 -5.9 <	0.001 -4.3 <	0.001 2.5 0.01 9.1 <	0.001 3.5 0.001 5.2 <	0.001
h 3.1 -0.1 0.91 1.8 0.08 -6.6 <	0.001 -4.7 <	0.001 2.8 0.01 9.8 <	0.001 3.8 <	0.001 5.5 <	0.001
h 3.2 -0.1 0.90 1.8 0.08 -4.4 <	0.001 -3.5 0.001 1.9 0.06 7.6 <	0.001 2.9 0.004 4.5 <	0.001
h 3.3 1.2 0.24 4.5 <	0.001 -1.4 0.16 -1.9 0.07 1.1 0.29 5.6 <	0.001 -1.2 0.23 0.0 0.97
h 3.4 0.7 0.50 3.5 0.001 -3.3 0.001 -2.9 0.01 1.5 0.13 6.7 <	0.001 0.6 0.56 2.0 0.05
h 3.5 -0.5 0.65 1.1 0.28 -4.2 <	0.001 -3.4 0.001 1.9 0.06 7.6 <	0.001 3.2 0.002 4.8 <	0.001
h 3.6 0.4 0.69 2.9 0.01 -3.5 0.001 -3.0 0.004 1.3 0.21 6.0 <	0.001 1.9 0.06 3.4 0.001
h 3.6 0.1 0.89 2.3 0.02 -3.3 0.001 -2.9 0.01 0.9 0.35 5.3 <	0.001 1.8 0.07 3.4 0.002
h 3.7 1.1 0.26 4.4 <	0.001 -1.0 0.32 -1.6 0.11 0.8 0.43 4.9 <	0.001 -1.1 0.26 0.1 0.91
w 3.8 -2.3 0.02 -2.8 0.01 2.6 0.01 0.4 0.72 0.4 0.69 4.0 <	0.001 1.1 0.27 2.6 0.01
w 3.9 1.1 0.27 4.3 <	0.001 -0.4 0.68 -1.3 0.19 0.7 0.49 4.7 <	0.001 -2.4 0.02 -1.2 0.23
w 4.0 1.1 0.28 4.3 <	0.001 -0.8 0.45 -1.5 0.14 0.4 0.72 3.9 <	0.001 -2.5 0.02 -1.3 0.19
w 4.1 1.5 0.14 5.1 <	0.001 -0.7 0.46 -1.5 0.14 0.5 0.61 4.2 <	0.001 -2.8 0.01 -1.7 0.10
w 4.2 1.8 0.07 5.8 <	0.001 -0.9 0.38 -1.6 0.12 0.7 0.50 4.6 <	0.001 -3.3 0.001 -2.2 0.03




































Overall,	 Fenland	 fossil	 assemblages	 showed	 higher	 variability	 in	 leaf	 traits	 than	
Romney	Marsh	assemblages	from	c.	4200	to	1500	cal.	yr	BP	(Fig.	6.7).	They	also	revealed	
greater	differences	to	the	trait	values	of	modern	fen	communities	from	c.	4200	to	700	cal.	




Salix,	Betula	 and	 ferns)	 to	herbaceous	 (mainly	 ferns,	 grasses	and	 sedges,	with	Quercus,	
Type
†
Age* t p t p t p t p t p t p t p t p
h 2.2 0.8 0.43 3.7 0.001 -2.3 0.03 -2.3 0.02 0.0 1.00 3.0 0.004 2.1 0.04 3.6 0.001
h 2.3 0.1 0.94 2.2 0.03 -2.8 0.01 -2.6 0.01 -0.1 0.93 2.8 0.01 1.4 0.16 2.9 0.01
h 2.3 -0.1 0.91 1.8 0.08 -3.5 0.001 -3.0 0.004 0.3 0.76 3.7 <	0.001 1.9 0.06 3.4 0.001
h 2.4 -0.6 0.55 0.8 0.43 -4.4 <	0.001 -3.5 0.001 0.4 0.66 4.1 <	0.001 1.0 0.32 2.4 0.02
h 2.5 -1.2 0.24 -0.4 0.71 -5.2 <	0.001 -4.0 <	0.001 0.4 0.67 4.0 <	0.001 -0.5 0.63 0.8 0.42
h 2.6 -1.6 0.11 -1.3 0.22 -5.4 <	0.001 -4.1 <	0.001 0.2 0.87 3.4 0.001 -1.6 0.11 -0.4 0.68
h 2.7 -1.9 0.06 -1.9 0.07 -5.8 <	0.001 -4.3 <	0.001 0.2 0.83 3.5 0.001 -2.7 0.01 -1.6 0.12
h 2.7 -2.1 0.04 -2.3 0.03 -3.1 0.002 -2.8 0.01 0.6 0.58 4.3 <	0.001 0.0 0.99 1.4 0.18
h 2.8 -1.7 0.10 -1.4 0.16 -1.3 0.20 -1.8 0.08 1.4 0.16 6.4 <	0.001 3.1 0.002 4.8 <	0.001
h 2.9 -1.3 0.18 -0.7 0.48 -3.1 0.002 -2.8 0.01 1.1 0.26 5.7 <	0.001 1.3 0.20 2.7 0.01
h 3.0 -1.3 0.18 -0.7 0.48 -4.5 <	0.001 -3.6 0.001 0.6 0.54 4.5 <	0.001 -0.5 0.60 0.8 0.44
h 3.1 -0.6 0.54 0.8 0.44 -5.2 <	0.001 -4.0 <	0.001 1.4 0.17 6.3 <	0.001 0.8 0.42 2.2 0.03
h 3.1 -0.1 0.96 1.9 0.06 -3.8 <	0.001 -3.2 0.002 1.1 0.28 5.7 <	0.001 1.3 0.20 2.8 0.01
h 3.2 0.1 0.94 2.2 0.03 -4.4 <	0.001 -3.5 0.001 1.5 0.14 6.6 <	0.001 2.0 0.05 3.5 0.001
h 3.3 -0.7 0.46 0.5 0.62 -5.0 <	0.001 -3.9 <	0.001 0.9 0.36 5.2 <	0.001 0.2 0.81 1.6 0.11
h 3.4 0.1 0.90 2.3 0.03 -3.8 <	0.001 -3.2 0.002 0.9 0.35 5.3 <	0.001 1.5 0.14 3.0 0.01
h 3.4 -2.0 0.05 -2.1 0.04 -6.0 <	0.001 -4.4 <	0.001 0.3 0.74 3.8 <	0.001 -2.2 0.03 -1.1 0.28
h 3.5 -1.4 0.15 -0.9 0.36 -3.0 0.004 -2.7 0.01 -0.1 0.91 2.7 0.01 0.4 0.67 1.8 0.07
h 3.6 0.3 0.79 2.6 0.01 -0.7 0.48 -1.5 0.15 -0.5 0.63 1.8 0.07 0.7 0.47 2.2 0.04
h 3.7 0.2 0.81 2.5 0.01 0.8 0.44 -0.7 0.51 -0.7 0.50 1.4 0.17 -0.1 0.96 1.3 0.20
w 3.7 0.3 0.78 2.6 0.01 2.0 0.05 0.0 0.99 -0.8 0.42 1.1 0.29 -1.3 0.20 0.0 0.97
w 3.8 0.4 0.70 2.8 0.01 2.2 0.03 0.1 0.92 -0.9 0.35 0.7 0.46 -1.1 0.26 0.1 0.90
w 3.9 0.6 0.53 3.3 0.002 0.4 0.72 -0.9 0.38 -0.6 0.53 1.5 0.14 -1.0 0.34 0.3 0.77
w 4.0 0.4 0.72 2.8 0.01 0.9 0.36 -0.6 0.56 -0.6 0.52 1.5 0.15 -0.3 0.77 1.0 0.30
h 4.0 0.2 0.81 2.5 0.02 0.1 0.89 -1.0 0.31 -0.2 0.82 2.5 0.02 0.3 0.77 1.7 0.10
h 4.1 0.2 0.82 2.5 0.02 0.2 0.88 -1.0 0.32 -0.3 0.79 2.4 0.02 0.4 0.68 1.8 0.08
h 4.2 0.5 0.63 3.0 0.004 -0.3 0.79 -1.2 0.22 -0.2 0.87 2.6 0.01 0.6 0.53 2.0 0.05
h 1.5 -0.4 0.69 1.2 0.23 -2.4 0.02 -2.4 0.02 0.1 0.91 3.3 0.002 2.3 0.02 3.9 <	0.001
h 1.5 0.9 0.39 3.8 <	0.001 -2.4 0.02 -2.4 0.02 0.1 0.94 3.2 0.003 3.0 0.004 4.6 <	0.001
h 1.6 1.0 0.34 4.0 <	0.001 -2.1 0.04 -2.2 0.03 -0.1 0.90 2.7 0.01 3.1 0.003 4.8 <	0.001
h 1.6 0.2 0.85 2.4 0.02 -2.8 0.01 -2.6 0.01 0.3 0.74 3.8 <	0.001 2.8 0.01 4.4 <	0.001
h 1.7 0.4 0.73 2.8 0.01 -4.6 <	0.001 -3.6 0.001 1.5 0.15 6.5 <	0.001 3.8 <	0.001 5.5 <	0.001
h 1.8 0.2 0.86 2.4 0.02 -4.7 <	0.001 -3.7 0.001 1.5 0.13 6.7 <	0.001 3.7 <	0.001 5.4 <	0.001
h 0.7 0.0 0.99 2.1 0.04 -4.4 <	0.001 -3.5 0.001 1.3 0.21 6.0 <	0.001 3.0 0.003 4.6 <	0.001
h 0.7 -0.3 0.78 1.5 0.15 -3.4 0.001 -3.0 0.004 0.5 0.59 4.3 <	0.001 2.1 0.04 3.7 0.001
h 0.8 0.1 0.92 2.2 0.03 -3.7 <	0.001 -3.1 0.003 1.0 0.33 5.3 <	0.001 3.1 0.002 4.8 <	0.001
h 0.9 -0.4 0.70 1.2 0.22 -4.1 <	0.001 -3.4 0.002 0.8 0.45 4.8 <	0.001 1.2 0.25 2.6 0.01
h 1.0 -0.6 0.53 0.7 0.46 -3.7 <	0.001 -3.1 0.003 0.7 0.49 4.7 <	0.001 1.7 0.10 3.2 0.003
h 1.0 0.0 0.99 2.0 0.05 -4.2 <	0.001 -3.4 0.001 1.4 0.17 6.4 <	0.001 2.5 0.01 4.1 <	0.001
h 1.1 0.0 0.97 2.1 0.04 -5.0 <	0.001 -3.9 <	0.001 1.8 0.07 7.4 <	0.001 3.1 0.002 4.8 <	0.001
h 1.2 0.7 0.50 3.4 0.001 -2.6 0.01 -2.5 0.02 0.1 0.91 3.3 0.002 2.0 0.05 3.5 0.001
h 1.3 0.2 0.81 2.5 0.02 -3.8 <	0.001 -3.2 0.002 0.8 0.40 5.0 <	0.001 2.2 0.03 3.7 0.001
h 1.4 0.2 0.83 2.5 0.02 -3.9 <	0.001 -3.2 0.002 0.9 0.37 5.2 <	0.001 2.4 0.02 4.0 <	0.001
h 1.5 0.2 0.84 2.5 0.02 -2.5 0.01 -2.5 0.02 -0.2 0.87 2.6 0.01 2.5 0.01 4.1 <	0.001
h 1.5 0.6 0.55 3.3 0.002 -3.0 0.003 -2.8 0.01 0.3 0.76 3.7 <	0.001 2.9 0.004 4.6 <	0.001
h 1.6 0.3 0.79 2.6 0.01 -3.4 0.001 -3.0 0.01 0.6 0.52 4.6 <	0.001 2.6 0.01 4.2 <	0.001





















































Salix	 to	mostly	 sedges,	 ferns	 and	grasses;	 Fig.	 6.7a5-6).	 Similar	 to	Redmere,	 the	woody	
assemblages	prevalent	at	the	Welney	Washes	3rd	peat	from	c.	4000	to	3700	cal.	yr	BP	(A.	
glutinosa	 with	 Quercus	 and	 Salix)	 showed	 significantly	 higher	 LDMC	 (p	 <	 0.05;	 one-
observation	t-test)	than	average	modern	fen	carr	communities	(Fig.	6.7a6;	Table	6.6).	On	
the	 other	 hand,	 the	 predominance	 of	 herbaceous	 conditions	 at	 Swineshead	 (mostly	
grasses,	sedges	and	Apiaceae,	with	Quercus	present)	and	Welney	Washes	4th	peat	(mainly	
sedges,	grasses	and	ferns	with	Quercus	and	Salix)	during	the	period	between	c.	1800	to	700	
cal.	 yr	 BP	 resulted	 in	 lower	 variability	 in	 LDMC	overall	 (Fig.	 6.7a7	 to	 a10),	 though	 they	
showed	 significant	 departures	 from	 the	 modern	 woodland	 mean	 (p	 <	 0.05;	 one-
observation	t-test)	throughout	most	of	this	period	(Fig.	6.7a8	and	a10;	Table	6.6).	
Leaf	N	concentration	of	the	fossil	taxa	in	Fenland	differed	significantly	from	that	of	
modern	 fen	 vegetation	 (both	woody	 and	herbaceous;	p	 <	 0.05;	 one-observation	 t-test)	




generally	 higher	 leaf	N	 content	 than	 the	 herbaceous	 fossil	 assemblages	 (dominated	 by	
grasses,	sedges	and	ferns),	with	declining	leaf	N	following	apparent	shifts	in	the	vegetation	
(from	woody	to	herbaceous;	Fig.	6.7b3	to	b6).	
Leaf	 δ13C	 showed	 opposite	 results	 of	 leaf	 N,	 with	 Fenland	 fossil	 assemblages	
presenting	significantly	higher	values	than	contemporary	woody	communities	 (p	<	0.05;	









Washes	 3rd	 peat	 between	 c.	 3500	 and	 1700	 cal.	 yr	 BP	 (mainly	 sedges	 with	 Quercus)	







in	Murrow	 at	 around	 2300	 cal.	 yr	 BP	 (when	 ferns	 and	Betula	 pollen	 values	 increased,	
possibly	indicating	some	woodland	locally),	rising	again	from	about	2200	to	2000	cal.	yr	BP	
(following	 increases	 in	 A.	 glutinosa	 and	 Salix)	 to	 more	 closely	 resemble	 average	
contemporary	conditions	(Fig.	6.7d1-2).	Earlier	herbaceous	assemblages	present	at	this	site	
between	 c.	 2800	 and	 2500	 cal.	 yr	 BP	 (dominated	 by	 sedges	 and	 grasses)	 displayed	
significantly	higher	leaf	δ15N	(p	<	0.05;	one-observation	t-test)	than	the	mean	recorded	for	
modern	 fen	 communities	 (both	 herbaceous	 and	 woody;	 Fig.	 6.7d1-2;	 Table	 6.6).	 The	
apparent	shift	from	wooded	to	herb-dominated	vegetation	at	Redmere	at	c.	3700	cal.	yr	
BP	(indicated	by	an	increase	in	Poaceae	pollen)	resulted	in	a	sharp	rise	in	 leaf	δ15N	(Fig.	











glutinosa	 with	 Salix)	 did	 not	 differ	 significantly	 (p	 >	 0.05;	 one-observation	 t-test)	 from	




had	 mostly	 significantly	 higher	 isotope	 values	 (p	 <	 0.05;	 one-observation	 t-test)	 than	
contemporary	 herbaceous	 and	 woody	 fen	 communities	 (Fig.	 6.7d7	 to	 d10;	 Table	 6.6).	
However,	 from	 c.	 1100	 to	 700	 cal.	 yr	 BP	 the	herb-dominated	 fossil	 fens	of	 the	Welney	
Washes	 4th	 peat	 revealed	 higher	 variability	 in	 leaf	 δ15N	 when	 other	 taxa	 (notably	





6.4.1	 	 Functional	 differences	 between	 the	 modern	 pollen	 taxa	 and	 the	 contemporary	
vegetation	
	
The	 modern	 pollen	 assemblages	 suggested	 lower	 variability	 in	 functional	 traits	
between	herb-dominated	and	woody	communities	than	the	modern	vegetation	(Fig.	6.4),	








Cyperaceae	 families	 in	 fen	 systems;	 Table	 6.1)	 is	 one	 of	 the	 major	 constraints	 of	
conventional	 pollen	 analysis	 (Waller,	 1994)	 and	 influenced	 the	 calculation	of	 functional	
trait	means	of	the	pollen	assemblages.	In	fact,	only	slightly	over	half	of	the	taxa	recorded	
in	 the	 vegetation	 of	 some	 herbaceous	 communities	 where	 Poaceae	 and	 Cyperaceae	
dominate	 (Appendix	 1)	 were	 palynologically	 distinguishable	 (Waller	 et	 al.,	 2017).	
Consequently,	the	relatively	low	variability	in	mean	trait	composition	shown	by	the	modern	
pollen	assemblages	across	communities	(Fig.	6.4)	was	possibly	due,	in	part,	to	the	averaging	
of	 trait	 values	 to	 characterise	 taxa	 with	 undistinguishable	 pollen,	 especially	 the	 highly	
abundant	Poaceae	and	Cyperaceae	(Fig.	6.2	and	6.3).	For	example,	the	particularly	high	SLA	
and	 LMA	 values	 exhibited	 by	 Poa	 trivialis	 (Appendix	 3,	 2.2e)	 and	 Cladium	 mariscus	
(Appendix	3,	2.3f),	respectively	were	likely	offset	by	the	lower	trait	values	presented	by	the	
other	 Poaceae	 and	 Cyperaceae	 taxa	 when	 calculating	 means.	 These	 two	 species	 were	
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particularly	prominent	in	the	alder	carr	in	Woodwalton	(plots	69	to	85)	and	the	Cladium	
fen	 in	Upton	 (plots	11	 to	22),	 respectively	and	probably	 influenced	 the	correspondingly	
higher	SLA	and	LMA	presented	by	the	vegetation	taxa	of	these	two	communities	compared	
to	the	equivalent	pollen	assemblages	(Fig.	6.4b	and	c).	










vegetation	 (Appendix	 1).	 Consequently,	 the	 weighted-mean	 trait	 composition	 of	 the	
vegetation	–	which	only	accounts	for	the	species	present	within	a	community	–	emphasises	




height	 between	 herbaceous	 and	 woody	 communities	 exhibited	 by	 the	 pollen	 taxa	
compared	 to	 the	 vegetation	 flora	 (Fig.	 6.4a).	Accordingly,	 the	 comparatively	 low	height	
presented	 by	 the	 pollen	 samples	 of	 the	 Juncus	 subnodulosus	 fen	 in	 Upton	 and	 the	
Phragmites	fen	in	Woodwalton	(Fig.	6.4a)	is	due	to	the	relatively	low	arboreal	pollen	count	
in	these	two	communities	(Fig.	6.2	and	6.3).	
Thirdly,	 relative	 representation	 in	 the	 pollen	 record,	 due	 to	 production	 and	
dispersal	bias,	is	likely	another	reason	for	the	differences	seen	in	trait	composition	between	
the	modern	 pollen	 assemblages	 and	 the	 vegetation,	 given	 that	mean	 trait	 values	were	
abundance-weighted.	Some	taxa	attain	higher	pollen	frequencies	than	their	abundance	in	








other	 prominent	 genera	 in	 fen	 systems,	 like	 Luzula	 and	 more	 notably	 Juncus,	 are	 not	





these	 taxa	 were	 under-represented	 or	 absent	 (Fig.	 6.2).	 Other	 notable	 examples	 of	
discrepancy	in	taxa	representation	and	abundance	between	the	pollen	and	vegetation	data	
causing	 differences	 in	 trait	 composition	 include	 Fraxinus	 excelsior	 in	 the	 woodlands	 in	
Upton,	which	was	common	in	the	alder	carr	and	fairly	prominent	in	the	mixed	woodland	


































that	 temporal	 shifts	 in	 the	 functional	 composition	 of	 fen	 vegetation,	 generally	
accompanied	 by	 shifts	 between	 herb-dominated	 and	woody	 taxa,	 are	 closely	 linked	 to	
interspecific	trait	differences	between	the	diverse	life	forms	alternating	in	prominence	over	
time.	 Crucially,	 interspecific	 differences	 in	 plant	 functional	 traits	 provide	 the	 means	
through	which	changing	environmental	conditions	control	vegetation	dynamics	(Lacourse,	
2009).	The	variety	of	 individual	 leaf	or	plant	 level	 traits	amongst	 life	 forms	underpins	a	
functional	 hierarchy	 of	 plant	 traits	 (Pillar,	 1999),	 in	which	 life	 form	 is	 the	 fundamental	
characteristic	of	a	plant,	 followed	by	 leaf	 type	and	phenology	and	 finally	 leaf	and	plant	
traits	 (Lavorel	 et	 al.,	 1997).	 The	 functional	 differentiation	 resulting	 from	 shifts	 in	 the	
relative	 abundance	 of	 co-existing	 groups	 (deciduous	 trees	 and	 shrubs	 and	 perennial	
grasses,	 sedges,	 ferns	 and	 forbs)	 not	 only	 influence	 the	 mean	 trait	 composition	 of	
communities,	 but	 can	 also	 lead	 to	 large	 and	 consistent	 ‘afterlife’	 effects	 on	 ecosystem	
processes,	such	as	decomposition	rates	and	nutrient	cycling	(Cornwell	et	al.,	2008).	The	
fundamental	role	of	life	forms	in	the	functional	composition	of	plant	communities	is	central	
to	 the	 results	 presented	 here.	 For	 instance,	 it	 is	 apparent	 that	 pollen	 assemblages	
dominated	by	woody	taxa	are	more	reliable	when	attempting	to	reconstruct	the	functional	
composition	of	past	vegetation	than	herb-dominated	assemblages,	given	the	intrusion	of	




of	 contemporary	 fen	 communities	 than	 the	 herb-dominated	 assemblages,	 which	
constantly	revealed	significant	departures	from	the	modern	means	throughout	the	mid-	to	
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late-Holocene	 (Fig	 6.6	 and	 6.7),	 particularly	 in	 Fenland	 (Fig.	 6.7).	Once	 again,	 that	may	
reflect,	 to	 some	 extent,	 the	 relatively	 high	 tree	 pollen	 among	 herbaceous	 fossil	
assemblages	 and	 the	 virtual	 absence	 of	 tree	 taxa	 from	 modern	 herb-dominated	
communities.	
Romney	 Marsh	 sites	 generally	 presented	 fossil	 assemblages	 more	 closely	
resembling	the	modern	fen	vegetation	than	the	Fenland	sites	(Fig.	6.6).	Leaf	nutrient	traits	
(N	content,	δ13C	and	δ15N)	broadly	revealed	higher	variability	between	fossil	samples	and	

















1),	may	have	 reduced	 the	signal	of	 leaf	δ15N	 in	 the	modern	vegetation,	 resulting	 in	 the	
significant	differences	between	 the	 fossil	 and	modern	herb-dominated	assemblages.	As	
stated	previously,	rushes	are	not	normally	preserved	in	pollen	records	due	to	the	fragility	
of	 the	pollen	they	produce.	Additionally,	 the	significant	differences	 in	 leaf	δ13C	and	 leaf	
δ15N	between	the	herb-dominated	pollen	assemblages	and	the	modern	woody	fen	average	
in	Brookland	(Fig.	6.6)	were	likely	caused	by	the	relatively	high	pollen	values	of	Myrica	gale	
in	 these	 fossil	 assemblages,	 a	 species	 with	 comparatively	 high	 leaf	 δ13C	 and	 leaf	 δ15N	




the	 presence	 of	 a	 ‘regional	 component’	 in	 pollen	 records	 (pollen	 from	 outside	 the	
sedimentary	 basin)	 and,	 as	 discussed	 above,	 the	 inter-taxonomic	 differences	 in	 pollen	
productivity	 (Marquer	et	al.,	2014).	Consequently,	estimation	of	plant	abundances	from	
pollen	 count	data	 is	difficult	 (Sugita,	1994).	 Several	 approaches	have	been	proposed	 to	
circumvent	these	limitations	when	using	pollen	to	reconstruct	past	vegetation,	including	
the	 use	 of	 R-values	 to	 compensate	 for	 differences	 in	 pollen	 productivity	 between	 taxa	
(Andersen,	1970;	Bradshaw,	1981),	the	modelling	of	pollen-accumulation	rates	(Seppä	et	
al.,	 2009)	 and	 the	 comparison	 of	 contemporary	 observations	 of	 vegetation	 cover	 from	
high-resolution	 radiometer	 sensors	 with	 modern	 pollen	 data	 (Tarasov	 et	 al.,	 2007).	 In	
particular,	the	Landscape	Reconstruction	Algorithm	(LRA)	modelling	has	been	advanced	as	
an	alternative	 for	quantitative	 reconstructions	of	vegetation	abundance	at	 regional	and	















Traits	 of	 the	 predominant	 plant	 taxa	 are	 normally	 closely	 related	 to	 the	
environmental	conditions	in	which	they	are	found	(Garnier	et	al.,	2016).	Therefore,	despite	
the	 limitations	 discussed	 above,	 the	 use	 of	 fossil	 pollen	 assemblages,	 particularly	
assemblages	dominated	by	woody	taxa,	should	provide	a	useful	way	to	tentatively	assess	
the	 links	 between	 community	 functional	 composition	 and	 changing	 environmental	
conditions	over	 long	ecological	 timescales	 (Lacourse,	2009).	 To	 that	end,	nutrient	 traits	






Marsh	 and	 Fenland	 were	 generally	 characterised	 by	 taxa	 with	 fairly	 high	 LDMC	 and	
relatively	 low	 leaf	 N	 content	 (Fig.	 6.6	 and	 6.7),	 suggesting	 the	 predominance	 of	






litter	 that	 are	 low	 in	 nutrients	 and	 high	 in	 recalcitrant	 compounds,	 such	 as	 lignin	 and	
phenolic	 acids,	 tend	 to	 decompose	 slowly	 due	 to	 retardation	 of	 microbial	 activities,	
creating	 a	 negative	 feedback	 on	 carbon	 exchange	 owing	 to	 reduced	 heterotrophic	
respiration	 (Cornelissen	 et	 al.,	 2007).	 Therefore,	 the	 characteristic	 herb-dominated	
assemblages	present	between	c.	5000	and	700	cal.	yr	BP	in	Romney	Marsh	and	Fenland	are	
suggestive	of	an	environment	with	high	carbon	retention	and	low	mineralisation	rates	in	




hence	 on	 carbon	 mineralisation	 rates)	 due	 to	 enhanced	 soil	 nutrient	 availability	 and	
decomposition	 of	 nutrient-rich	 litter	 (Bardgett	 et	 al.,	 2008),	 promoting	 higher	 rates	 of	
carbon	loss	from	the	top	soil	layer.	




conclude	 that	 the	 higher	 stable	 isotope	 values	 revealed	 by	 the	 fossil	 assemblages	
compared	 to	 the	 contemporary	 vegetation,	 particularly	 in	 Fenland	 (Fig.	 6.7),	 were	
suggestive	of	higher	water	and	N	availability	 to	plants	during	 the	mid-	 to	 late-Holocene	







in	 15N	 (McLauchlan	 et	 al.,	 2013).	 Similarly,	 carbon	 isotope	 discrimination	 occurs	 in	 the	
incorporation	of	CO2	into	plant	biomass	(Farquhar	et	al.,	1989),	and	may	thus	be	dependent	
on	atmospheric	CO2	concentrations	(McLauchlan	et	al.,	2010).	Therefore,	the	use	of	leaf	





The	 current	 set	 of	 analyses	 provided	 a	 potentially	 promising	 approach	 to	 infer	
changes	in	ecosystem	processes	using	pollen	assemblages	and	plant	functional	traits,	and	
consequently	 a	 better	 understanding	 of	 past	 environmental	 conditions.	 The	 patterns	
revealed	 by	 such	 analyses	 may	 demonstrate	 that	 community	 functional	 composition	
reflects	 significant	 interactions	 between	 environmental	 change	 and	 plant	 ecological	
strategies	over	thousands	of	years	(Lacourse,	2009).	However,	as	discussed	above,	issues	
that	 remain	 to	 be	 resolved	 include	 the	use	 of	 appropriate	 pollen-vegetation	models	 to	





















phylogenetic),	 the	 diversity	 of	 traits,	 or	 functional	 diversity,	 is	 receiving	 considerable	
attention	 as	 the	 main	 biotic	 component	 by	 which	 individual	 organisms	 and	 biological	
communities	influence	ecosystem	processes,	which	in	turn	modulate	ecosystem	services	
(de	Bello	et	al.,	2010).	The	set	of	analyses	presented	here	confirmed	the	wide	applicability	
of	 the	 trait	 approach	 in	 studies	 investigating	 the	 effects	 of	 biodiversity	 on	 ecosystem	
processes	 and	 community	 dynamics,	 as	well	 as	 its	 response	 to	 human	 intervention.	 As	
demonstrated	 in	 Chapter	 3,	 the	 functional	 characteristic	 of	 lowland	 fen	 communities	
responds	strongly	to	changing	disturbance	intensity,	and	is	not	necessarily	coupled	with	
the	 response	 of	 taxonomic	 diversity.	 While	 species	 richness	 responded	 positively	 to	
disturbance,	mostly	as	a	 result	of	management	preventing	 the	development	of	 fen	carr	
over	herb	fens,	the	functional	diversity	of	plant	communities	decreased	from	unmanaged	
woods	to	managed	herbaceous	sites.	That	is	most	likely	due	to	herb	fens	being	dominated	
by	 perennial	monocotyledons,	while	 fen	 carr	 typically	 comprises	 diverse	 life	 forms	 (tall	
deciduous	 trees	 with	 forbs,	 slender	 grasses	 and	 thick-leaved	 monocots;	 Appendix	 1).	
However,	the	traits	and	ecological	strategies	of	neighbouring	plants	tended	to	diverge	with	
increasing	 disturbance	 intensity	 among	managed	 communities.	 The	 increasing	 levels	 of	
functional	diversity,	richness	and	divergence	seen	along	a	management	gradient	(Chapter	
3)	were	probably	a	result	of	increased	forb	diversity	in	the	mostly	managed	sites	(Appendix	
1).	 Therefore,	 conservation-focused	 management	 practices	 intended	 to	 increase	 the	
taxonomic	diversity	of	fen	communities	seems	to	be	additionally	enhancing	diversity	at	the	
functional	level	in	herb	fens.	Moreover,	as	discussed	in	Chapter	3,	the	higher	number	of	






resulting	 functional	 composition	 of	 communities	 tends	 to	 be	 highly	 dependent	 on	 the	
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choice	 of	 metric	 used,	 particularly	 between	 those	 that	 only	 consider	 species’	
presence/absence	 and	 those	 that	 are	 abundance-weighted.	 Therefore,	 it	 is	 useful	 to	









retention	 in	 the	 substratum	due	 to	 low	decomposition	 rates.	 These	 findings	 lend	 some	
support	 to	 current	 management	 practices,	 particularly	 at	 Woodwalton,	 which	 are	









may	 be	 impaired	 when	 considering	 communities	 with	 low	 variation	 in	 leaf	 life	 span	














significant	 regulating	 effects	 of	 constantly	 changing	 conditions	 peatlands	 are	 typically	
subjected	to,	receiving	water	input	from	external	sources	and	being	under	varying	degrees	
of	 flooding	 throughout	 the	 year,	 which	 has	 consequences	 for	 the	 amount	 of	 organic	
content	in	the	substratum	(Keddy,	2010;	Mitsch	and	Gosselink,	2015).	Local	environmental	
conditions	 and	 land	 use	 change	 should	 thus	 be	 accounted	 for	 when	 quantifying	 the	
contribution	of	different	ecosystem	components	to	the	provision	of	ecosystem	processes	
(and	ultimately	services).	
Management	 of	 lowland	 fens	 also	 seems	 to	 have	 pronounced	 effects	 on	 plant	
community	 dynamics	 (Chapter	 5).	 The	 use	 of	 an	 index	 of	 variance	 to	 quantify	 the	
relationships	 between	 observed	 data	 and	 simulated	 communities	 generated	 along	
orthogonal	 trait	 axes	 with	 random	 distributions	 has	 allowed	 for	 different	 assembly	
processes	 (stochastic	 and	 deterministic)	 to	 be	 determined,	 revealing	 the	 simultaneous	
influence	 of	 contrasting	 processes	 within	 and	 across	 plant	 communities	 in	 fens.	 These	








Additionally,	 the	 use	 of	 a	 functional	 approach	 to	 determine	 vegetational	 and	
environmental	history	on	long	ecological	timescales	through	the	use	of	palaeoecological	




known	 to	exert	 significant	 control	 over	 the	availability	 and	 cycling	of	nutrients	 through	
changes	 in	 photosynthetic,	 growth	 and	 decomposition	 rates	 (Dıáz	 and	 Cabido,	 2001).	
Limitations	commonly	associated	with	conventional	pollen	analysis	need	to	be	addressed	
though,	particularly	issues	regarding	the	estimation	of	plant	abundances	from	pollen	count	
data	 (Sugita,	 1994).	 Future	 studies	 should	 therefore	 consider	 the	 use	 of	 modelling	
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To	conclude,	 the	 findings	presented	here	can	be	useful	 to	 long-term	restoration	
programmes	(e.g.,	The	Great	Fen	Project)	to	develop	appropriate	management	strategies.	
Regular	 cutting	of	 herbaceous	 fens	was	 shown	 to	not	only	promote	higher	biodiversity	
(both	taxonomic	and	functional)	and	to	preserve	some	key	fenland	species	(e.g.,	Molinia	
caerulea),	 but	 to	 increase	 the	potential	 of	 fen	 soils	 to	 sequester	 and	 store	 carbon.	 The	
maintenance	of	a	disturbance	regime	 in	such	habitats	seems	thus	to	be	a	better	option	
than	allowing	for	natural	succession	to	take	place	(i.e.,	the	gradual	development	of	fen	carr	

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































S6	Carex	riparia 	swamp W5	Alnus	glutinosa -Carex	paniculata 	woodland W6	Alnus	glutinosa -Urtica	dioica 	woodland
Caricetum	ripariae 	Soó	1928 a	Typical	sub-community d	Iris	pseudacorus 	sub-community
g	Myrica	gale 	sub-community d	Typical	sub-community c	Symphytum	officinale 	sub-community c	Symphytum	officinale 	sub-community Mixed	sedge	(Poore,	1956)
Ppau Phragmites	australis‡ V 7 Cclm Cladium	mariscus V 5 Pcc Calamagrostis	canescens‡ V 5 AG Alnus	glutinosa ‡ V 6 BP Betula	pubescens‡ V 6 Ppt Poa	trivialis V 6 Pcc Calamagrostis	canescens‡ V 5 Ccxa Carex	acutiformis V 6 Ccxv Carex	viridula V 5
Ccxri Carex	riparia V 7 Pcc Calamagrostis	canescens‡ V 5 Jjs Juncus	subnodulosus V 5 FE Fraxinus	excelsior‡ V 6 Tdd Dryopteris	dilatata V 4 AG Alnus	glutinosa ‡ V 6 Ppau Phragmites	australis‡ V 5 Pcc Calamagrostis	canescens‡ V 5 Ccxpa Carex	panicea V 5
Cs Calystegia	sepium‡ V 4 Jjs Juncus	subnodulosus V 5 Ttp Thelypteris	palustris‡ V 5 Ccxa Carex	acutiformis V 4 ud Urtica	dioica ‡ V 4 Ccxa Carex	acutiformis V 5 Ppau Phragmites	australis‡ V 5 hv Hydrocotyle	vulgaris V 4
Ppau Phragmites	australis‡ V 5 Ppau Phragmites	australis‡ V 5 Tdd Dryopteris	dilatata V 4 glh Glechoma	hederacea V 4 so Symphytum	officinale V 4 Cs Calystegia	sepium‡ V 4
lv Lysimachia	vulgaris‡ V 4 ec Eupatorium	cannabinum ‡ V 3 Lp Lonicera	periclymenum‡ V 3 ccl Circaea	lutetiana V 3 Cs Calystegia	sepium‡ V 4 lv Lysimachia	vulgaris‡ V 4
ec Eupatorium	cannabinum ‡ V 4 ma Mentha	aquatica‡ V 3 so Symphytum	officinale V 4
ud Urtica	dioica ‡ III 4 Lp Lonicera	periclymenum‡ IV 2 lv Lysimachia	vulgaris‡ IV 3 Ppt Poa	trivialis III 4 QR Quercus	robur‡ IV 5 ga Galium	aparine‡ IV 4 Jje Juncus	effusus‡ IV 3 Jje Juncus	effusus‡ III 2 Pmc Molinia	caerulea IV 5
Ttp Thelypteris	palustris‡ III 4 Ccxa Carex	acutiformis III 3 rf Rubus	fruticosus III 2 ud Urtica	dioica ‡ IV 4 ger Geranium	robertianum IV 3 ma Mentha	aquatica‡ III 4 ec Eupatorium	cannabinum ‡ III 2 Jjs Juncus	subnodulosus IV 4
Sxr Salix	repens III 4 Tep Equisetum	palustre‡ III 3 ger Geranium	robertianum III 1 Lp Lonicera	periclymenum‡ IV 4 BP Betula	pubescens‡ III 4 Ppha Phalaris	arundinacea III 4 Vc Vicia	cracca III 2 Ppau Phragmites	australis‡ IV 3
ls Lythrum	salicaria‡ III 2 Ccxap Carex	appropinquata III 2 Pcc Calamagrostis	canescens‡ IV 3 Phl Holcus	lanatus III 3 Pas Agrostis	stolonifera III 3 ls Lythrum	salicaria‡ III 2 lv Lysimachia	vulgaris‡ IV 3
cip Cirsium	palustre ‡ III 1 Sxcn Salix	cinerea III 4 sod Solanum	dulcamara ‡ III 2 Vc Vicia	cracca III 2 Pcc Calamagrostis	canescens‡ III 4
Ccxa Carex	acutiformis III 4 Ccxe Carex	elata III 4
Ppau Phragmites	australis‡ III 3 ls Lythrum	salicaria‡ III 2
ga Galium	aparine‡ III 3 rafl Ranunculus	flammula III 2
ccl Circaea	lutetiana III 1 Jjar Juncus	articulatus III 2
Hl Humulus	lupulus‡ I 1 Mg Myrica	gale II 3 Lp Lonicera	periclymenum‡ II 1 Ppa Prunus	padus II 3 cdf Cardamine	flexuosa II 2 Cm Crataegus	monogyna‡ II 3 ud Urtica	dioica ‡ II 3 Jjs Juncus	subnodulosus II 3 Ccxa Carex	acutiformis II 3
sod Solanum	dulcamara ‡ I 1 Sxcn Salix	cinerea II 2 Vo Viburnum	opulus‡ II 1 BP Betula	pubescens‡ II 3 rf Rubus	fruticosus II 1 ss Stachys	sylvatica II 3 Jjar Juncus	articulatus II 3 spa Stachys	palustris II 2 gu Galium	uliginosum *‡ II 2
ga Galium	aparine‡ I 1 rf Rubus	fruticosus II 1 rf Rubus	fruticosus II 1 QR Quercus	robur‡ I 3 FE Fraxinus	excelsior‡ I 3 so Symphytum	officinale II 3 Jjs Juncus	subnodulosus II 2 le Lycopus	europaeus II 2 Phl Holcus	lanatus II 2
ec Eupatorium	cannabinum ‡ I 1 as Angelica	sylvestris ‡ II 1 lop Lotus	pedunculatus ‡ II 1 Sxcn Salix	cinerea I 2 Ia Ilex	aquifolium I 1 Ppau Phragmites	australis‡ II 3 ls Lythrum	salicaria‡ II 1 Pce Calamagrostis	epigejos ‡ II 1 Pas Agrostis	stolonifera II 1
Ccxa Carex	acutiformis I 1 Vo Viburnum	opulus‡ I 1 ht Hypericum	tetrapterum ‡ II 1 Phm Holcus	mollis I 2 ger Geranium	robertianum I 1 cip Cirsium	palustre ‡ II 1 QR Quercus	robur‡ I 3 ip Iris	pseudacorus II 1 Cclm Cladium	mariscus II 3
ma Mentha	aquatica‡ I 1 gu Galium	uliginosum *‡ II 1 SA Sorbus	aucuparia I 2 mot Moehringia	trinervia I 1 fu Filipendula	ulmaria‡ II 1 BP Betula	pubescens‡ I 3 Ppha Phalaris	arundinacea I 1 Pao Anthoxanthum	odoratum II 2
fu Filipendula	ulmaria‡ I 1 fu Filipendula	ulmaria‡ II 1 Ttp Thelypteris	palustris‡ I 1 Cm Crataegus	monogyna‡ I 1 Pce Calamagrostis	epigejos ‡ I 2 rafl Ranunculus	flammula I 2 Pas Agrostis	stolonifera I 1 Ppha Phalaris	arundinacea II 2
cip Cirsium	palustre ‡ I 1 Cs Calystegia	sepium‡ II 1 cdf Cardamine	flexuosa I 1 Cc Ceratocapnos	claviculata* I 1 Ccxa Carex	acutiformis I 2 gp Galium	palustre I 1 ma Mentha	aquatica‡ I 1 lop Lotus	pedunculatus ‡ II 1
Tep Equisetum	palustre‡ I 1 Ccxpa Carex	panicea II 1 Rir Ribes	rubrum I 1 Tdf Dryopteris	filix-mas I 1 rs Rumex	sanguineus I 1 sp Stellaria	palustris I 1 cia Cirsium	arvense I 1 ip Iris	pseudacorus II 1
Tdd Dryopteris	dilatata I 1 va Valeriana	officinalis I 1 Rin Ribes	nigrum I 1 Tc Tamus	communis I 1 mot Moehringia	trinervia I 1 glh Glechoma	hederacea I 1 ud Urtica	dioica ‡ I 1 ma Mentha	aquatica‡ I 1
Sxcp Salix	caprea I 1 pp Peucedanum	palustre I 1 rar Ranunculus	repens I 1 sod Solanum	dulcamara ‡ I 1 Tdd Dryopteris	dilatata I 1 ec Eupatorium	cannabinum ‡ I 1 Sxcn Salix	cinerea I 1 Pac Agrostis	capillaris I 1
Rui Rubus	idaeus I 1 ls Lythrum	salicaria‡ I 1 ga Galium	aparine‡ I 1 Ppt Poa	trivialis I 1 Jje Juncus	effusus‡ I 1 cip Cirsium	palustre ‡ I 1 cip Cirsium	palustre ‡ I 1 tf Thalictrum	flavum I 1
pp Peucedanum	palustre I 1 Sxf Salix	fragilis I 1 rosa Rosa	sp I 1 Pas Agrostis	stolonifera I 1 Ccxro Carex	rostrata I 1 cia Cirsium	arvense I 1 rf Rubus	fruticosus I 1 so Symphytum	officinale I 1
ip Iris	pseudacorus I 1 sg Scutellaria	galericulata I 1 rafi Ranunculus	ficaria I 1 Hh Hedera	helix I 1 Rc Rhamnus	cathartica* I 1 ss Stachys	sylvatica I 1 Per Elytrigia	repens I 1 cip Cirsium	palustre ‡ I 1
ht Hypericum	tetrapterum ‡ I 1 eph Epilobium	hirsutum I 1 Ppau Phragmites	australis‡ I 1 ec Eupatorium	cannabinum ‡ I 1 Pcc Calamagrostis	canescens‡ I 1 Pmc Molinia	caerulea I 1 fu Filipendula	ulmaria‡ I 1
gu Galium	uliginosum *‡ I 1 cdp Cardamine	pratensis I 1 Cm Crataegus	monogyna‡ I 1 cip Cirsium	palustre ‡ I 1 viola Viola	sp I 1 Phl Holcus	lanatus I 1 g7 grass	7 I 1
Ccxp Carex	paniculata I 1 AC Acer	pseudoplatanus I 1 sm Stellaria	media I 1 lop Lotus	pedunculatus ‡ I 1 BP Betula	pubescens‡ I 2
as Angelica	sylvestris ‡ I 1 fu Filipendula	ulmaria‡ I 1 poe Potentilla	erecta I 1
Pas Agrostis	stolonifera I 1 ccl Circaea	lutetiana I 1 pv Prunella	vulgaris I 1
Ppt Poa	trivialis I 1 Pce Calamagrostis	epigejos ‡ I 1
sm Stellaria	media I 1 Jje Juncus	effusus‡ I 1
ip Iris	pseudacorus I 1 sp Stellaria	palustris I 1
Pce Calamagrostis	epigejos ‡ I 1 my Myosotis	sp I 1
tf Thalictrum	flavum I 1 Jjc Juncus	conglomeratus I 1
ov Odontites	vernus I 1 Cs Calystegia	sepium‡ I 1
mot Moehringia	trinervia I 1 am Achillea	millefolium I 1
lap Lamium	purpureum I 1
as Angelica	sylvestris ‡ I 1
eph Epilobium	hirsutum Ccxa Carex	acutiformis an Apium	nodiflorum an Apium	nodiflorum Cs Calystegia	sepium‡ civ Cirsium	vulgare cdp Cardamine	pratensis epm Epilobium	montanum as Angelica	sylvestris ‡
ip Iris	pseudacorus Ccxpa Carex	panicea Fa Frangula	alnus** Ccxd Carex	diandra eph Epilobium	hirsutum Cs Calystegia	sepium‡ ga Galium	aparine‡ fu Filipendula	ulmaria‡ Ccxn Carex	nigra
Pcc Calamagrostis	canescens‡ cdf Cardamine	flexuosa ga Galium	aparine‡ cip Cirsium	palustre ‡ ht Hypericum	tetrapterum ‡ geu Geum	urbanum ger Geranium	robertianum ga Galium	aparine‡ cn Centaurea	nigra
Cm Crataegus	monogyna‡ ip Iris	pseudacorus eph Epilobium	hirsutum ip Iris	pseudacorus impa Impatiens	sp gu Galium	uliginosum *‡ gp Galium	palustre dac Dactylorhiza	sp
eph Epilobium	hirsutum pop Potentilla	palustris fu Filipendula	ulmaria‡ Phm Holcus	mollis lc Lapsana	communis ms Myosotis	scorpioides lop Lotus	pedunculatus ‡ gp Galium	palustre
Fa Frangula	alnus** raa Ranunculus	acris geu Geum	urbanum rosa Rosa	sp rar Ranunculus	repens Per Elytrigia	repens sg Scutellaria	galericulata Jjbu Juncus	bufonius
lop Lotus	pedunculatus ‡ Sxcn Salix	cinerea glh Glechoma	hederacea Ttp Thelypteris	palustris‡ rf Rubus	fruticosus rs Rumex	sanguineus Jlm Luzula	multiflora
pop Potentilla	palustris Sxcp Salix	caprea Hh Hedera	helix Rir Ribes	rubrum sg Scutellaria	galericulata le Lycopus	europaeus
Ppa Prunus	padus Tdcr Dryopteris	cristata Ia Ilex	aquifolium rosa Rosa	sp lfc Lychnis	flos-cuculi
rosa Rosa	sp Tdd Dryopteris	dilatata ip Iris	pseudacorus Pbs Brachypodium	sylvaticum
siu Sium	latifolium ** tl Typha	latifolia Pcc Calamagrostis	canescens‡ pop Potentilla	palustris
Taf Athyrium	filix-femina sg Scutellaria	galericulata raa Ranunculus	acris
vd Valeriana	dioica sid Silene	dioica trx Taraxacum	sp




Number	of	plots 10 Number	of	plots 12 Number	of	plots 12 Number	of	plots 17 Number	of	plots 17 Number	of	plots 17 Number	of	plots 17 Number	of	plots 17 Number	of	plots 17
Species	encountered	(present) 9 (3) Species	encountered	(present) 26 (13) Species	encountered	(present) 30 (11) Species	encountered	(present) 25 (17) Species	encountered	(present) 27 (7) Species	encountered	(present) 27 (9) Species	encountered	(present) 38 (8) Species	encountered	(present) 24 (6) Species	encountered	(present) 38 (14)
Mean	species/plot	(min-max) 4.5 (3-7) Mean	species/plot	(min-max) 10.8 (7-14) Mean	species/plot	(min-max) 12.1 (8-17) Mean	species/plot	(min-max) 8.2 (6-11) Mean	species/plot	(min-max) 9.2 (5-14) Mean	species/plot	(min-max) 10.2 (7-15) Mean	species/plot	(min-max) 11.3 (6-16) Mean	species/plot	(min-max) 9.9 (6-14) Mean	species/plot	(min-max) 12.2 (7-18)
Survey	date 		Sep	2013 Survey	date 	Sep	2013 Survey	date 	Sep	2013 Survey	date 		May	2013 Survey	date 		May	2013 Survey	date 	May	2014 Survey	date 	Aug	2014 Survey	date 		Sep	2014 Survey	date 	Jul	2014
xxx 88.9 % xxx 73.1 % xxx 66.7 % xxx 60.0 % xxx 74.1 % xxx 77.8 % xxx 78.9 % xxx 87.5 % xxx 68.4 %
xxx 11.1 % xxx 15.4 % xxx 13.3 % xxx 40.0 % xxx 3.7 % xxx 7.4 % xxx 5.3 % xxx 4.2 % xxx 5.3 %
xxx 7.7 % xxx 6.7 % xxx 7.4 % xxx 3.7 % xxx 15.8 % xxx 8.3 % xxx 26.3 %
xxx 3.8 % xxx 13.3 % xxx 14.8 % xxx 11.1 %
Frequency	(Roman	numerals): Abundance	cover	(Domin	scale): Trait	data	(69	out	of	103	species	encountered		-		64.1%	trait	coverage)ƚ: Upton	Fen	(49	out	of	67	species	encountered		-		73.1%	trait	coverage): Woodwalton	Fen	(50	out	of	68	species	encountered		-		73.6%	trait	coverage):
V			= 		81-100%								constant 10			= 		91-100% xxx ≥	5	specimens												(52) 50.5 % xxx ≥	5	specimens												(36) 53.7 % xxx ≥	5	specimens												(45) 66.2 %
IV			= 		61-80%										constant 9			= 		76-90% xxx 4	or	3	specimens							(9) 8.7 % xxx 4	or	3	specimens							(8) 11.9 % xxx 4	or	3	specimens							(4) 5.9 %
III			= 		41-60%										frequent 8			= 		51-75% xxx <	3	specimens												(6) 5.8 % xxx <	3	specimens												(5) 7.5 % xxx <	3	specimens												(1) 1.5 %
II			= 		21-40%										occasional 7			= 		34-50% xxx No	trait	data														(36) 35.0 % xxx No	trait	data															(18) 26.9 % xxx No	trait	data															(18) 26.5 %
I			= 		1-20%												scarce 6			= 		26-33% ƚ	69	out	of	130	species	present	with	trait	measurements	(53.1%)
5			= 		11-25%
4			= 		4-10% Trait	coverage	per	frequency	class:
3			= 														(with	>	20	individuals) V		(3-7) 				24	species	(95.8%,	4.2%)
2			= 		<	4%			(with	>	10	individuals) IV	(2-5) 				11	species	(100%)









Alder	carrReedswamp Cladium 	fen Juncus	subnodulosus 	fen Alder	carr Mixed	woodland
44	species	(95.4%,	2.3%,	2.3%)
Peucedano -Phragmitetum	australis 	Wheeler	1978	emend . Peucedano -Phragmitetum	australis 	Wheeler	1978	emend . Peucedano -Phragmitetum	australis 	Wheeler	1978	emend . Peucedano -Phragmitetum	australis 	Wheeler	1978	emend .
Plot	11	to	22 Plots	23	to	34 Plots	35	to	51 Plots	52	to	68
Frequency	(Roman	numerals)	and	percentage	cover	(1	to	10,	Domin	scale)	are	shown	for	species	encountered	during	the	surveys	(see	legend	below).	Species	listed	below	the	double	lines	were	present	in	the	communities,	but	not	encountered	during	the	surveys	(i.e.,	no	abundance	cover	available).	Colour	codes	refer	to	trait	coverage:	green,	more	than	five	specimens	sampled;	yellow,	between	3	and	4	specimens	sampled;	red,	less	than	3	specimens	sampled;	black,	no	trait	data	available.
Plots	69	to	85 Plots	86	to	102 Plots	103	to	119 Plots	120	to	136
S26	Phragmites	australis -Urtica	dioica 	tall-herb	fen
Plots	1	to	10

















and	 large	 plant	 remains	 are	 difficult	 to	 identify.	 Therefore,	 pollen	 analysis	was	 used	 to	
determine	 whether	 the	 upper	 10	 cm	 of	 sediment	 was	 likely	 to	 be	 derived	 from	 the	
contemporary	 vegetation.	 Samples	 were	 extracted	 from	 one	 plot	 within	 each	 of	 the	
communities	investigated;	at	Upton:	mixed	woodland	(prefixed	MU),	alder	carr	(prefixed	
AU),	 Juncus	 subnodulosus	 fen	 (prefixed	 JU),	 reedswamp	 (prefixed	 RU)	 and	Cladium	 fen	




samples	 (MU52	 0-1	 cm	 and	 JU27	 9-10cm).	 Here,	 the	 pollen	 assemblages	 from	 the	
herbaceous	 communities	 are	 dominated	 by	 Poaceae	 pollen,	 with	 high	 Cyperaceae	
representation	limited	to	the	reedswamp.	The	woodland	communities	have	high	values	for	
fern	spores.	Tree	pollen	values,	notably	for	Alnus	glutinosa,	are	surprisingly	 low.	Similar	
results	 have	 been	 reported	 from	 surface	 pollen	 investigations	 of	 alder	 dominated	
vegetation	 in	 Germany	 (Prager	 et	 al.,	 2006;	 2012)	 and	 attributed	 to	 poor	 pollen	
preservation.	 Variation	 in	 pollen	 abundance	 with	 depth	 is	 limited	 at	 all	 of	 the	 sites	
investigated.	 In	 addition,	 the	 different	 vegetation	 types	 appear	 to	 have	 distinct	 pollen	




might	be	expected.	Tree	percentages	 (Betula	and	Alnus)	are	relatively	high	 for	 the	sites	
within	the	glades.	Again,	there	is	little	variation	in	pollen	abundance	with	depth	and	the	
pollen	assemblages	from	the	different	communities	appear	distinct.	Therefore,	the	near-






























































































































































































































































































































































































































































































































































































































































































































































Trait	means	of	 life	 forms	are	 computed	 from	 the	 trait	 values	of	each	 individual	 species	
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Species	name Code Life	form Species	name Code Life	form
Agrostis	stolonifera Pas Grass Iris	pseudacorus ip Herb
Alnus	glutinosa AG Tree Juncus	articulatus Jjar Rush
Angelica	sylvestris as Herb Juncus	effusus Jje Rush
Betula	pubescens BP Tree Juncus	subnodulosus Jjs Rush
Calamagrostis	canescens Pcc Grass Lonicera	periclymenum Lp Climber
Calamagrostis	epigejos Pce Grass Lotus	pedunculatus lop Herb
Calystegia	sepium Cs Climber Lycopus	europaeus le Herb
Cardamine	pratensis cdp Herb Lysimachia	vulgaris lv Herb
Carex	acutiformis Ccxa Sedge Lythrum	salicaria ls Herb
Carex	elata Ccxe Sedge Mentha	aquatica ma Herb
Carex	panicea Ccxpa Sedge Moehringia	trinervia mot Herb
Carex	riparia Ccxri Sedge Molinia	caerulea Pmc Grass
Carex	viridula Ccxv Sedge Myrica	gale Mg Shrub
Ceratocapnos	claviculata Cc Climber Peucedanum	palustre pp Herb
Circaea	lutetiana ccl Herb Phalaris	arundinacea	 Ppha Grass
Cirsium	arvense cia Herb Phragmites	australis Ppau Grass
Cirsium	palustre cip Herb Poa	trivialis Ppt Grass
Cladium	mariscus Cclm Sedge Quercus	robur QR Tree
Crataegus	monogyna Cm Shrub Ranunculus	flammula rafl Herb
Dryopteris	dilatata Tdd Fern Rhamnus	cathartica Rc Shrub
Epilobium	hirsutum eph Herb Rubus	fruticosus rf Herb
Equisetum	palustre Tep Horsetail Rumex	sanguineus rs Herb
Eupatorium	cannabinum ec Herb Salix	caprea Sxcp Shrub
Filipendula	ulmaria fu Herb Salix	cinerea Sxcn Shrub
Frangula	alnus Fa Shrub Salix	repens Sxr Shrub
Fraxinus	excelsior FE Tree Sium	latifolium siu Herb
Galium	aparine ga Herb Solanum	dulcamara sod Herb
Galium	uliginosum gu Herb Stachys	sylvatica ss Herb
Geranium	robertianum ger Herb Symphytum	officinale so Herb
Glechoma	hederacea glh Herb Thelypteris	palustris Ttp Fern
Holcus	lanatus Phl Grass Urtica	dioica ud Herb
Humulus	lupulus HI Climber Valeriana	officinalis va Herb
Hydrocotyle	vulgaris hv Herb Viburnum	opulus Vo Shrub




Mean	annual	 litter	production	rate	 (dry	mass,	 in	 tonnes	per	ha	per	year)	at	 three	plant	
communities	in	Woodwalton	Fen.	Error	bars	are	one	standard	error	of	the	mean	(±	1	S.E.)	
of	 the	two	 litter	 traps	 in	each	community.	The	alder	carr,	dominated	by	deciduous	tree	
species	(e.g.,	Alnus	glutinosa,	Fraxinus	excelsior),	produced	considerably	more	plant	litter	
























Mean	aboveground	biomass	 (AGB;	 in	 tonnes	per	ha)	of	 the	herbaceous	communities	 in	
Woodwalton	Fen.	Error	bars	are	one	standard	error	of	the	mean	(±	1	S.E.)	of	the	10	samples	
in	each	community	[glades	(five	samples	in	each	of	the	managed	and	unmanaged	glades),	
Phragmites	 fen	and	sedge	fen;	see	section	2.2.5	 in	Chapter	2].	The	Phragmites	 fen	(low	
management	intensity)	and	the	unmanaged	glades	showed	the	highest	proportion	of	dead	
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